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Chapter 7 


Glucocorticoid action of adrenocortical hormones* 
By 


RaAcCHMIEL LEVINE and Maurice S. GonpsTErn 


Introduction 


Classification is by its very nature restrictive, although it may often serve as a 
useful didactic device. The term “glucocorticoid” gained general acceptance about 
a decade ago, since it referred to the potent activity exerted by certain of the 
adrenal steroids on blood sugar level, glycogen storage and carbohydrate turnover. 
True as these observations were, they have had the unfortunate consequence of 
suggesting that the myriad effects of this group of compounds, recorded in the 
literature, are somehow the results of a primary effect on intermediary metabolism, 
specifically that of carbohydrates. 

As we shall see, the “glucocorticoids” exert a very considerable influence, under 
many circumstances, on the rates of exchange of minerals and water ; in other words, 
they are also “‘mineralocorticoids.” Their effects upon life-saving adaptive responses 
and upon a host of inflammatory, allergic and hematopoietic disturbances are still 
in the descriptive stage and have not been related to any known metabolic action. 

For purposes of this review the term ‘‘glucocorticoids’’ will apply to those steroids, 
occurring in nature and produced in the laboratory, which in their range and 
probable mode of activity resemble cortisol (hydrocortisone). 

In view of the vastness of the literature on the subject, it would be foolhardy 
indeed to try for a complete or comprehensive approach. Instead the attempt will 
be made to assess our present state of knowledge of steroid action in many areas, 
and especially to indicate the gaps in understanding. 

In addition to the selected bibliography, the following group of reviews and 
monographs of the past ten years will aid the reader in finding detailed information 
on particular aspects. Each reference is briefly characterized as to its content and 
views. These comments are for the convenience of the reader, and they attempt to 
fill out the limited information presented in this chapter. 

Ciba Colloquia on Endocrinology. These published reports of symposia 
conducted in London in the 1950s are published in the U.S.A. by Little, Brown and 
Company, Boston, Massachusetts, and in Great Britain by J. and A. Churchill, 
London. They constitute a wide variety of presentations by current workers in the 
field. 

Vol. 1: Steroid Hormones in Tumor Growth and Steroid Hormones and Enzymes 
(1952). The effects of adrenocortical steroids on the course of neoplasia and the 
status of adrenocortical function in the presence of neoplasia were reported. The 
influence of glucocorticoid administration on a variety of enzyme systems was 
discussed. 

* This chapter was submitted in August 1960; a few selected references were added in 


July 1962. 
Handb. d. exp. Pharmakol. Erg. W. Bd. XIV/2 1 


4 Introduction 


Vol. 3: Hormones, Psychology and Behavior (1952). A range of interests was 
covered in respect to the influence of glucocorticoids on behavioral responses, as 
well as to the glucocorticoid status in various behavioral states and disorders. 

Vol. 4: Anterior Pituitary Secretion and Hormonal Influence in Water Metab- 
olism (1952). Book II of this volume contains considerable detail about the various 
relationships of the glucocorticoids to other hormones with respect to their 
influence on water and electrolyte excretion. 

Vol. 5: Bioassay of Anterior Pituitary and Adrenal Cortical Hormones (1953). 
An entire section was devoted to chemical measurement and bioassay of gluco- 
corticoids in blood and urine, with a comparison of these methods. 

Vol. 7: Synthesis and Metabolism of Adrenal Cortical Steroids (1954). Additional 
data on the intermediary metabolism and biosynthesis of the glucocorticoids are 
available in this volume and supplement the review by HEcHTER and Pincus 
listed below (cf. DorrMaNn, Chapter 3, Part 1 of this Handbuch volume). 

Vol. 8: The Human Adrenal Cortex (1955). A very wide range of articles was 
presented which extended from studies of the adrenal cortex itself to studies of 
adrenal function in a variety of human somatic and psychological stressful situa- 
tions, and clinical conditions. 

DrBopo, R. C., and N. AurszuLur: Insulin Hypersensitivity and Physiological 
Insulin Antagonists. Physiol. Rev. 38: 389—445 (1958). The subject of this review 
went beyond glucocorticoids, but the influence and role of these steroids in relation 
to insulin, other hormones and carbohydrate metabolism was thoroughly handled. 

DirscHerL, W.: Uber die Einwirkung von Steroidhormonen auf Gewebestoff- 
wechsel und Fermente. Ergeb. Physiol. 48: 112—229 (1955). This review was an 
extensive coverage of the im vitro experiences with glucocorticoids. 

Hecuter, O., and G. Pincus: Genesis of the Adrenocortical Secretion. Physiol. 
Rev. 34: 459—496 (1954). This lucid account of intermediary metabolism and 
biosynthesis of adrenal steroids and the influence of ACTH on these processes is 
complemented by Vol. 7 of the Ciba Colloquia referred to above. It reviewed 
results obtained with isolated perfused adrenals in considerable detail. 

Hydrocortisone, Its Newer Analogs and Aldosterone as Therapeutic Agents. Ann. 
N. Y. Acad. Sci. 61 (Art. 2): 281—636 (1955). Many authors contributed extensive 
as well as preliminary trials in the clinical application of these steroid agents. 
Taken with the symposium edited by SorreR and ORR listed below, these constitute 
a fairly complete clinical evaluation of therapeutic responses to the steroids and 
their analogues. 

Ramey, E. R., and M. 8. Gotpster: The Adrenal Cortex and the Sympathetic 
Nervous System. Physiol. Rev. 37: 155—195 (1957). This review interprets data in 
the older literature that suggested a major functional interaction between the 
glucocorticoids and the sympathetic neurohumors. 

Sayers, G.: Adrenal Cortex in Homeostasis. Physiol. Rev. 30: 241—320 (1950). 
This is one of the most complete reviews available of the experimental data 
obtained in animal experiments on virtually all aspects of adrenocortical steroid 
function. 

Sorrer, L. J., and R. H. Orr (Eds.): Symposium on the Biological and Clinical 
Investigation of Newer Hydrocortisone Analogs. Metabolism (Baltimore) 7: 383—573 
(1958). A series of articles was collected that extended to recent years information 
and experience with the newer glucocorticoid analogues obtained since those 
reported in the Symposium of the New York Academy of Sciences listed above. 

THorn, G. W., D. Jenxins, J. C. Larpiaw, F.C. Gorrz, J. F. Dineman, W. L. 
Axons, D. H. F. Srrerren and B. H. McCracken: Pharmacological Aspects of 
Adrenocortical Steroids and ACTH in Man. New Engl. J. Med. 248: 232—245, 
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284—294, 323—337, 369—378, 414423, 588—601, 632—646 (1953). This 
extensive review parallels and complements the review by Savers, listed above, 
with the major emphasis being on experiences in man. 

Woopsoury, D. M.: Relation Between Adrenal Cortex and the Central Nervous 
System. Pharmacol. Rev. 10: 275—357 (1958). This review covers virtually all 
aspects, both clinical and experimental, of adrenal steroid interaction with the 
nervous system. 


The many effects of this group of steroids may be classified under three major 
headings: 

(1) Metabolic — actions concerned with the transformations of the foodstuffs 
and their intermediates. 

(2) Anti-stress — all those physiological phenomena that are involved in the 
adaptive response to major stress stimuli. 

(3) Anti-inflammatory — actions influencing the local and general responses to 
“irritants,” whether chemical, microbiological, immunological or other. 

This grouping has the advantage not only of convenience for discussion, but 
is an expression of the belief (already strongly supported by data) that one basic 
action underlies all the effects within each grouping. Ultimately, of course, it may 
well be shown that all three groups of activities derive from one specific chemical 
event on the molecular level, but that is for the future. Indeed the clinician’s hope 
is that the anti-inflammatory actions may be separated from the other effects, 
making long-term therapeutic application less hazardous. We shall return to this 
problem again in the discussion of the relation between chemical structure and 
action (p. 18). 

Table 1 lists the major natural and synthetic glucocorticoids, their common 
names and synonyms, and their approximate potencies in metabolic, anti-stress 
and anti-inflammatory activities, compared to cortisol as a reference standard. 
The sodium-retaining activities, assayed against deoxycorticosterone, are also 
included. 


The metabolic effects of glucocorticoids 


In 1908, Brerry and MaLwoizeEx and, in 1909, PorcEs observed hypoglycemia 
in Addisonian patients and in adrenalectomized dogs. At the same time it was also 
concluded (ATHANASIU and GRADINESCO 1909) that it is the function of the adrenal 
gland to maintain the vascular and other fluid compartments of the body in a 
normal state, perhaps by regulating the integrity of the capillaries. In the literature 
of the following 20 years, one finds that adrenocortical dysfunction was identified 
with either (1) low blood sugar and body glycogen or (2) changes in water and electrolyte 
balance. Brirron and Sriverre (Brirron 1930, Brirron and Sitverre 1934, 
1937a, Brirron et al. 1938) emphasized particularly the disturbances in carbo- 
hydrate levels, since under their experimental conditions and in the mammalian 
species they studied (cat, marmot, opossum), the blood sugar and glycogen changes 
were more apparent, by far, than the shifts in water, sodium and potassium 
distribution. 

Data gathered from man and the dog with adrenal insufficiency favored, for some 
time, the view that electrolyte regulation was the primary and prepotent concern 
of the adrenal cortex (Lucas 1926, Rocorr and Stewart 1926, Hastrnes and 
ComPErs 1931, Lozs 1932, Harror et al. 1933a). The lowering of blood sugar and 
glycogen levels was ascribed to the poor food intake due to anorexia. The adminis- 
tration of adequate amounts of sodium chloride did indeed improve food intake, 
blood sugar values and glycogen content. The general impression prevailed for 
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Table 1. Relative potencies of natural and synthetic glucocorticoids, based on data given in reviews 
cited above 


—_—_—$$__ _ i — 
Metabolic +/Anti-inflam- 
Group Individual compounds anti-stress matory Nat retention? 
activities! activity* 
ee es a a 
Naturally occurring | Cortisol (Hydrocortisone) il 1 1 
steroids Cortisone 0.8 0.8 1 
Corticosterone 0.3 3 1.5 
11-Dehydrocorticosterone 0.2 -— 2.0 
11-Deoxycortisol 0 0 0 
1-Dehydro steroids 1-Dehydrocortisone (Prednisone) 4—5 4 0 
1-Dehydrocortisol (Prednisolone) 5 5 0 
9 «-Halogenated 9 ~-Fluorocortisone 5 10 — 
steroids 9 «-Fluorocortisol 10—20 10—15 600 
9 «-Halogenated, 9 «-Fluoroprednisone 30 20 600 
1-dehydro steroids | 9 «-Fluoroprednisolone 50 30 600 
2«-Methyl derivatives) 2 «-Methylcortisol 5 5 120 
2«-Methy]l, 9 «-fluorocortisol 10—20 10 1500 
6 «-Methyl derivatives] 6 «-Methylprednisolone 10—15 6 Na*diuresis 
6 «-Methyl, 9 «-fluoroprednisolone| 150 25 0.5 
16 «-Hydroxy 16 «-Hydroxy, 9 «-fluoroprednis- 12 5 Na*diuresis 
derivatives olone 
16 «-Hydroxy, 2 «-methyl, 2 — 30 
9 «-fluorocortisol 


1 All values equated to 1.0 for cortisol. 
2 All values equated to 1.0 for deoxycorticosterone (= approx. 1.0 for cortisol). 
3 No data available. 


some time that the carbohydrate disturbances of adrenalectomy were secondary 
to the electrolyte shifts (LonB 1933, Harrop et al. 1935, ALLERS and KENDALL 
1937). A truer picture emerged when (1) it was shown that adrenal extirpation 
modifies experimental diabetes profoundly (HARTMAN and BROWNELL 1934, Lona 
and LuKENS 1936), and (2)it became evident that the adrenal cortex elaborates not 
one but a group of hormones with different physiological effects (Mason et al. 1936, 
DEFREMERY et al. 1937, STEIGER and REICHSTEIN 1937). 

The adrenalectomized animal suffers from several different deviations that result in 
hypoglycemia and low carbohydrate stores. 


A. Food intake and sugar absorption 


The anorexia that develops in adrenal insufficiency bears a relation to hypo- 
natremia and dehydration. When these deviations are corrected by administering 
saline, with or without the addition of mineralocorticoids, appetite returns. Such 
recovery occurs in many species, especially the rat (ANDERSON et al. 1940a, 
ANDERSON 1943). In the dog and in man, however, while appetite improves 
greatly under these circumstances, it is difficult to obtain a completely normal food 
intake. Large doses of the glucocorticoids can lead to increases in appetite, an 
effect due in all probability to the action of these steroids upon the central nervous 
system (euphoria, etc.) and upon the rate of insulin production and release (see 
below). 

The untreated adrenalectomized individual also suffers from a diminution in 
the rate of absorption of sugars by the intestinal tract. Restoration of normal elec- 
trolyte levels seems to restore the absorptive capacity to normal in all species 
studied (DEUEL et al. 1937, ALTHAUSEN et al. 1939, ANDERSON 1940). At one time 
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VeERzAR advocated the view that adrenal hormones promote the rate of sugar 
phosphorylation, thereby increasing the rate of intestinal absorption (VERZAR 
1939). This view was based upon indirect evidence and upon the assumption that 
phlorhizin was a specific inhibitor of phosphorylation. These assumptions are not 
valid (FERREBEE 1940). Indeed, the most recent work in this field indicates that 
sugars like glucose are transported across cell barriers in an active fashion by the 
aid of an as yet undefined transport system, but that this process precedes the 
phosphorylation of the sugar (RoTusTEIN 1954, CRANE and Kranz 1956, CRANE 
1960). 


B. Maintenance of body stores of carbohydrates 


The saline- or mineralocorticoid-treated adrenalectomized animal maintains 
normal levels of sugar in the blood, and of glycogen in liver and muscles, when 
fed ad libitum (ANDERSON et al. 1940a, Lone et al. 1940, ANDERSON 1943). 
However, when food is withdrawn, liver glycogen diminishes rapidly, muscle 
glycogen declines modestly and the blood sugar level falls (Lone et al. 1940, Lona 
1942). When the normal animal is fasted, the initial decline in liver glycogen is 
followed by reappearance of moderate amounts in the hepatic cells. The blood 
sugar of the intact animal is maintained at normal or near normal values during 
long periods of fasting. 

The total body stores of carbohydrate existing at the beginning of a fast could not 
maintain the normal rate of obligatory carbohydrate utilization for more than 10 to 
12 hours. In the normal animal, fat and protein are then “mobilized.” The fatty 
acids are either used directly, in many tissues, or transported to the liver and 
transformed, in part, to “ketone bodies,’ which are then readily utilized for the 
production of energy. The amino acids, resulting from protein mobilization, are 
deaminated in the liver and their keto-residues are, for the most part, transformed 
to glucose-6-phosphate, the immediate precursor of blood glucose. The maintenance 
of nearly normal blood sugar values during prolonged fasting in the intact animal 
is due to this ability to manufacture glucose from non-carbohydrate sources, 
primarily from body proteins. The falling blood sugar of the fasting adrenalectomized 
animal indicates an impaired ability to set in motion an adequate rate of sugar 
production by the liver. 

The administration of glucocorticoids permits the fasting, adrenalectomized 
animal to maintain body carbohydrate stores in the face of continued utilization, 
i. e., these steroids promote gluconeogenesis (LONG et al. 1940, INcLE 1942, Lone 
1942, SwINGLE and Reminaton 1944). This conclusion is strengthened by the fact 
that the administration of glucocorticoids during fasting leads to an increased 
nitrogen excretion in the urine (Lona 1942, InciE 1944, 1949). 

The influence of the glucocorticoids on gluconeogenesis becomes strikingly evident 
in experimental and clinical diabetes. Removal of the adrenal glands from the 
depancreatized, phlorhizinized or alloxanized animal sharply diminishes (1) the 
degree of glycosuria, (2) the level of the blood sugar and (3) the extent of nitrogen 
excretion during fasting. Ketosis is decreased or abolished. Death in hypoglycemia 
may even occur, if the fasting period is prolonged (HaRTMAN and BRowNELL 1934, 
Lone and Luxens 1936, BLOOMFIELD 1939, Lone et al. 1940, WeLLs and KENDALL 
1940). However, if a normal amount of mixed food is ingested and the electrolyte 
balance is maintained, the manifestations of diabetes return almost completely 
(WELLS and CHapmMan 1940, Weis 1940, WELLS and Kenpati 1940, 1941, 
SwINGLE and Remrnaton 1944, IneiE 1944). The glucocorticoids render a diabetic, 
adrenalectomized animal severely glycosuric even though it is fasting; and they 
aggravate the degree of glycosuria and hyperglycemia of fed diabetic or diabetic, 
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adrenalectomized preparations. In all such instances nitrogen excretion rises 
(WeLLS and Kenpati 1940, Wexts 1940, InctE 1945). 

The diabetic state (SosKtN and Levine 1952), induced by pancreatectomy, 
alloxan or phlorhizin, consists of: 

(1) a lowered rate of glucose utilization at normal or increased blood sugar 
levels, and especially the rate of its transformation to fat (STETTEN and BoxER 
1944) ; 

is an increased rate of fat mobilization, and its breakdown to CO, and ketone 
bodies ; 

(3) an increased rate of hepatic gluconeogenesis from protein and release of the 
newly-formed sugar. 

It is evident therefore that the glucocorticoids may aggravate the degree of 
diabetes by affecting one or more of the characteristics just listed. 


I. Protein mobilization and gluconeogenesis 


The best-documented action of these hormones is that of increasing gluco- 
neogenesis from protein. When an adrenalectomized, diabetic animal is fed protein, 
the resulting increases in glucose and nitrogen excretion are not significantly 
different from those exhibited by the diabetic animal with adrenal glands (WELLS 
and Krenpatu 1940, Inare 1944, 1949). Since fed protein is hydrolyzed in the 
gastrointestinal tract and thus reaches the liver in the form of amino acids, it can 
be deduced that the liver cell does not require glucocorticoids for the reactions of 
deamination, the urea cycle, or for the transformation of «-keto-acids to 
glucose-6-phosphate and, eventually, free sugar. When the animal is forced to 
utilize endogenous protein for sugar formation, the glucocorticoids become necessary 
for that set of processes by which cellular proteins are mobilized and appear finally as 
circulating amino acids in the blood. In the eviscerated, nephrectomized animal, the 
body urea level remains constant because of the loss of the liver, and the rate of 
protein catabolism can now be judged by the rise in amino-acid level of the blood. 
This rate is slower in the previously adrenalectomized animal and can be increased 
to normal and above by the glucocorticoids (ENGEL 1950, 1951). Unfortunately, we 
do not understand the manner in which proteins are “mobilized,” nor do we at 
present know the behavior of the enzyme systems active in endocellular proteolysis. 

_ There seem to be no depot or storage proteins as such, corresponding to depot 
fat or glycogen. However, there is an enormous variety of protein molecular 
species, each thought to have a characteristic life span, ranging from 10 to 260 days 
(SpRrNsON and RiTrENBERG 1949, Tarver 1954). Because of the comparatively 
rapid action of the glucocorticoids, it would be reasonable to suppose that their 
effects are exerted or become evident primarily on those protein species that have a 
short half-life (SoBEL et al. 1958). As yet it cannot be stated categorically whether the 
glucocorticoids enhance mobilization and proteolysis, or exert their influence by 
retarding protein formation from amino acids — the so-called anti-anabolic effect. 
The result to the body as a whole would be identical — net protein decrease (CLARK 
1950, Ener 1950, 1951, Hoperman 1950, Sayurs 1950). 

The effect is not exerted uniformly on all tissues of the body. In the animal or 
man given large doses of glucocorticoids, the major losses of proteins and cellular 
elements occur in the lymphatic nodes, the thymus, the spleen, the subcutaneous, 
interstitial and bony tissues, then later in the skeletal muscle fibers (ALBRIGHT et 
al. 1941, ALBricHT 1942—1943, DoucHERtTy and Wurre 1943, DoucHErrTy et al. 
1944, Baker 1951). The epidermis, the liver, kidneys, heart and brain are not 
affected measurably (BakER 1950, 1951, BakurR and InexE 1951). 
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It can be surmised that glucocorticoids, by their described effects on protein 
metabolism, would hinder total body growth. This they do, as demonstrated during 
their chronic adminstration to animals and man. This action is sufficiently powerful 
to overcome the anabolic action of pituitary growth hormone (BrEoxs et al. 1944, 
BakER 1950). 

Are the glucocorticoids the agents that act directly to produce a negative 
nitrogen balance, or are these steroids substances which by their presence in 
tissues enable more direct effector materials to operate ? This question arises out of 
the experiments of INGLE and others (INcLB 1944, 1949, 1952, EncEL 1950) upon 
which the theory of the “permissive” nature of steroid action is founded. It was known 
for some time that severe injury elicits hypertrophy and hyperfunction of the 
adrenal cortex. Among other metabolic changes following such a stressful stimulus, 
nitrogen excretion increases sharply. It was logical to suppose that the increased 
nitrogen excretion was due to the increase in glucocorticoid output of the adrenal. 
This hypothesis was supported by the fact that such a stress did not increase the 
urinary nitrogen excretion of adrenalectomized animals in good electrolyte balance. 
However, INGLE showed that one could obtain a typical negative nitrogen balance 
in the stressed, adrenalectomized animal when maintaining the animal on a steady, 
small amount of glucocorticoid. This amount of steroid, in the absence of injury, did 
not itself change the nitrogen balance (INGLE et al. 1947b). We may suppose, then, 
that the presence of a basal concentration of glucocorticoid in tissues enables or 
“permits” them to respond to a variety of non-hormonal catabolic stimuli. On the 
other hand we know that the administration of large amounts of glucocorticoids 
alone,in the absence of any evident stimuli, does give rise to an extensive negative 
nitrogen balance (INGLE 1949, ENGEL 1950). It may be possible to suggest some 
working hypotheses to reconcile the data, as follows: 

(1) The glucocorticoids may somehow act directly to impede protein formation from 
amino acids. Many situations such as those elicited by injury or other stresses 
cause protein breakdown, which proceeds by enzymatic routes different from those 
of the anabolic path. In the adrenalectomized animal it might be difficult to show net 
catabolism because of the presence of uninhibited anabolism. The administration 
of a small amount of a glucocorticoid would slow anabolism sufficiently to permit 
the catabolic effect to become evident. 

(2) Protein catabolic rates may depend wpon the presence of both a tissue factor “X” 
released by stress and of glucocorticoids. The effect obtained would depend on the prod- 
uct of the concentrations of these two factors. Thus, ““weak”’ stressful stimuli, pres- 
ent at all times, require large amounts of the glucocorticoids to effect protein loss, 
whereas a “‘strong”’ stimulus evokes sufficient ““X”’ to produce a negative nitrogen 
balance in the presence of only small amounts of the corticoids. 

This increase in supply of amino acids derived from endogenous protein accounts 
for the actions of glucocorticoids in raising blood sugar level, and in increasing liver 
glycogen and urinary urea. This gluconeogenetic action is quite intense. It was shown 
by We r et al. (1952) that, in the normal rat, cortisone will increase hepatic sugar 
production and output by a factor of 7 or 8. If one were to assume continuance of 
normal rates of extrahepatic utilization, the blood sugar should rise steadily and 
promptly. This does not generally occur in the normal animal except after enormous 
doses of the glucocorticoids given for a long period of time (Conn et al. 1948, 
InaLE 1948). In depancreatized animals, steroids immediately and profoundly 
raise blood and urinary sugar (INGLE 1948, 1953). In the normal animal the gluco- 
corticoids either directly or indirectly affect the 6 cells of the pancreatic islets. The 
islet cells hyperfunction, secrete more insulin and become hypertrophic. The extra 
insulin helps in the disposal of the newly produced sugar (HAUSBERGER and 
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Ramsay 1953, 1959, Kinasu and Hatst 1954). Only when the f cell is no longer 
able to respond adequately does the animal become significantly hyperglycemic. 
During the last decade, many nondiabetic individuals have been given large doses 
of various glucocorticoids in the therapy of some chronic “‘collagen” or allergic 
disorders. All developed increased protein catabolism, as evidenced by some degree 
of increased nitrogen excretion, thinning of the subcutaneous tissue, loss of protein 
matrix of bone, and muscular weakness and atrophy, if kept on chronic therapy. 
Only a small percentage (2 to 6%) developed overt diabetes (THORN et al. 1953). 
This group probably represents those possessing an inherited inadequacy of 
pancreatic islet response. Those not developing diabetes showed a tendency to 
obesity, which is the result of two factors — increased food intake and the avail- 
ability of sufficient insulin to enhance lipogenesis (MILLSTEIN and HAUSBERGER 
1956). 
II. Release of hepatic glucose 


According to our present concepts, the liver forms sugar by a reversal of the 
glycolytic scheme. Glucose-6-phosphate is formed and the free sugar released by the 
organ is derived from it by the action of a specific phosphatase. It has been shown 
that glucocorticoid administration leads to an increased activity of liver glucose-6- 
phosphatase; the effect, however, seems to be secondary to the enhanced sugar 
production (AsHMmorE et al. 1956, WEBER et al. 1956, Kvam and Parks 1960). 

Whether the regulation of glucose-6-phosphatase activity is also responsible for 
another observed effect of glucocorticoids on release of hepatic sugar is not known. 
This is the finding that epinephrine is less effective in eliciting hyperglycemia in the 
saline-treated adrenalectomized animal than in the normal. This lack of response 
to epinephrine occurs despite the presence of adequate glycogen stores in the 
liver. A small, maintenance amount of a glucocorticoid makes hepatic glycogen 
again normally responsive to breakdown by epinephrine (DEBopo et al. 1952, 
DeEBopo and Srnxorr 1953, DeEBopo and ALTszuLER 1958). 

The actions of glucocorticoids in speeding up the rate of formation of sugar by the 
liver and in making the liver glycogen sensitive to the effect of epinephrine explain in 
some measure the counteraction to insulin sensitivity provided by these steroids. 
The liver of the adrenalectomized animal is “hypoglycemia unresponsive.” It 
cannot respond rapidly to hypoglycemia with increased glucose secretion since 
glycogenolysis is depressed and the liver’s ready supply of glucose is diminished. 
The chronic administration of large doses of glucocorticoids may produce insulin 
resistance of marked degree. In part, this may be due to the already enhanced 
level of endogenous insulin, so that a comparatively small exogenous dose may 
seem ineffective (DEBopo and ALTszULER 1958). In addition, insulin resistance 
may be the result of the glucocorticoids indirectly opposing such insulin effects as 
the rapid uptake of glucose for lipogenesis. When resistance develops to very large 
doses of insulin, the glucocorticoids might also be evoking the appearance of serum 
and tissue proteins capable of binding insulin. Whether glucocorticoids increase 
the rate of breakdown of insulin is unknown (DEBopo and ALrszuLER 1958). 


III. Peripheral metabolism of glucose 


In the preceding section, we have considered the effects of the glucocorticoids 
on the hepatic production of glucose, its storage as glycogen and its release as free 
blood sugar. What effect do these steroids exert on the extrahepatic utilization of 
the blood glucose? In order to be exposed to the intracellular enzyme systems, 
extracellular sugar has to be transported across cell barriers. It can be shown by 
the use of non-utilizable sugars that are transported by the glucose transfer system, 
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that the removal of the source of glucocorticoids or their administration in moderatly 
large doses exert no significant effect on the rate of sugar transport (LEVINE and 
GOLDSTEIN 1953). In the eviscerated, previously adrenalectomized animal, the 
blood sugar falls more rapidly than in the control animal, but this increased 
utilization is brought back to a more normal rate if the electrolyte levels are 
carefully adjusted and if shock is avoided (RUSSELL 1943, Conn et al. 1952). The 
diaphragm of the adrenalectomized rat takes up glucose at a faster than normal 
rate (KRAHL and Cort 1947). However, if the animal is force-fed to avoid the 
effects of anorexia, glucose consumption by the diaphragm in vitro is reduced to a 
normal rate (CoHN and Korrnsky 1952). 

Similarly, with high levels of glucocorticoids, the rate of glucose utilization is 
not affected. In rats in which cortisone increased gluconeogenesis 7 to 8 fold, CO, 
production from glucose was not decreased (WELT et al. 1952). In the adrenal- 
ectomized dog, cortisone did not decrease glucose utilization. It was rather 
increased, but this was probably due to secondarily evoked insulin secretion 
(DEBopo and ALTSZULER 1958). 

On the other hand, under conditions of carbohydrate loading, data from 
INGLE’s laboratory led to the conclusion that the glucocorticoids in some manner 
interfere with rapid disposal of carbohydrate. Thus, in eviscerated rats given 
glucose plus adrenal extracts containing cortisol, the blood sugar level attained was 
significantly higher than in the animals given glucose but not receiving the gluco- 
corticoid. Despite the difference in blood sugar levels, the total amounts of sugar 
utilized during the experimental period were not significantly different (INGLE et 
al. 1947b). Also, intact normal rats given a very high carbohydrate diet and large 
doses of glucocorticoids become severely diabetic and insulin-resistant (INGLE 
1948). It appears then that, directly or indirectly, in the presence of a carbohydrate 
load, the glucocorticoids may interfere with its rapid disposal. The site of this effect 
should probably be looked for in the most important system for utilizing large 
amounts of glucose — the lipogenetic system of the fat cell (WELT and WILHELMI 
1950, Brapy et al. 1951). 


IV. Fat mobilization 


Fasting and pancreatectomy lead to suppression of lipogenesis and to an 
enhancement of fat mobilization from the depots. These effects seem to depend 
upon the presence of at least normal pituitary and adrenocortical activity (Mac- 
Kay and Barnes 1936, VERzAR and Laszt 1936, LUKENS 1953). The administra- 
tion of glucocorticoids may on occasion lead to actual lipemia in rabbits but not in 
man (KopEerNick and More 1950, Bioom and Pierce 1952, Pirrcr and BLoom 
1952). 

i the intact organism, evidences of fat-mobilizing activity are seen best 
following overwhelming doses of the glucocorticoids ; otherwise the increased insulin 
secretion probably overcomes and obviates these effects. Whether the fat-mobiliz- 
ing action is direct or acts by enabling such factors as pituitary growth hormone or 
‘‘lipemia-producing” peptides to operate has not been clearly established (SHIFTER 
and BAEDER 1956, OLson and VxsTER 1960). In human beings suffering from 
Cushing’s disease, there occurs premature and rather severe atherosclerosis. 
Cortisone intensifies cholesterol-induced atherogenesis in experimental animals 
(STaMLER et al. 1951). Such phenomena are additional pieces of evidence that the 
glucocorticoids can intensify fat mobilization. Recent work on the mechanism of 
such effects suggests that the glucocorticoids exert an enabling or permissive 
influence on fat mobilization. The direct agents are probably the catecholamines 
(Woot et al. 1954, Resner and SHaprro 1960). 
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C. Coneluding remarks 


It is at the moment impossible to single out any particular well-documented 
metabolic effect of the glucocorticoids as being primary. In the first place the final 
effect is the same, no matter what mechanism one considers to be operating. In the 
second place one can choose experimental conditions such that the action of the 
glucocorticoids seems merely “‘permissive’’ to more direct effectors. In our opinion, 
it seems most likely that the protein anti-anabolic or catabolic effect is the most likely 
contender for being the primary effect of these steroids. At least, such a concept 
permits uniting the gluconeogenetic, lympholytic, osteoporotic and anti-prolifera- 
tive (anti-inflammatory) activities. 


Anti-stress and adaptive activities of glucocorticoids 


The role of the glucocorticoids in bodily adaptation to stressful stimuli is 
emphasized by two sets of observations. (1) The one group relates to the lowered 
adaptive capacity of the Addisonian patient or the adrenalectomized animal, even 
when the electrolyte disturbances are controlled. (2) The other set of data refers to 
the changes seen in adrenal structure and function during a stress episode (TEPPER- 
MAN and ENGLE 1942, SeLtyE 1946, 1951, Sayers 1950, INGLE 1952). 


A. Vascular collapse: End result of stress in the adrenalectomized 
organism 
The extreme sensitivity of the Addisonian patient or of the adrenalectomized 
animal to sudden or severe degrees of environmental change or to injurious stimuli 
is a universally established phenomenon. It is nonspecific in the sense that it 
refers to almost any stimulus or change, whether it be a rise or fall of the ambient 
temperature, a “‘toxic’’ chemical substance, severe muscular exertion, mechanical 
injury, or other severe stress. Such stressful disturbances generally require two 
types of adjustment on the part of the organism. One adaptive response is related 
to the type of stimulus, calling forth a specific set of physiological adjustments 
required to maintain the milieu interieur and the integrity of the bodily mechanisms. 
Specific physiological mechanisms are called into play and their rates adjusted to 
meet specific displacements. Thus, cold requires adjustment in the heat-loss 
“mechanisms and a rise in heat production. Mechanical injury, such as a bone 
fracture, requires those local and general adjustments that help in repair, i. e., the 
inflammatory response preparatory to healing, and supply of materials to the site 
of repair. Muscular exercise induces a rise in the rates of oxygen intake, blood flow, 
and cardiac activity, all needed to meet the increased metabolic turnover of work. 
When the stimulus is not intense, the adrenalectomized, salt-treated animal 
can and does adjust his bodily responses. As a matter of fact, if such animals are 
“trained,” i. e., exposed to particular stresses slowly and gradually, then they 
adjust without lasting detriment, even to degrees of disturbance that would prove 
lethal without “‘training” (NoBLE and CoLiie 1942). When the degree of ‘“‘stress”’ 
is more intense, however, the adrenalectomized animal not only fails to adjust, it 
succumbs (SWINGLE et al. 1933, 1938). The mode of death is independent of the 
type of stress involved. It always involves a generalized, peripheral vascular 
collapse, usually unresponsive to nonspecific shock therapy such as fluid or 
vasoconstrictor drugs. T'his type of “‘shock,” however, does respond specifically to 
large doses of glucocorticoids. 
It would seem that in addition to specific responses, moderate to intense 
stresses call forth intense activity in the peripheral circulatory system, especially 
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of the smallest blood vessels. In the normal organism this leads only rarely to a 
shock-like state, while in the absence of glucocorticoids, peripheral vascular col- 
lapse is the rule. This collapse interferes with the specific adaptations that the 
adrenalectomized animal could otherwise make. 

The above discussion may be illustrated by detailed description of the response 
to one kind of stress, namely muscular exercise. One of the well known characteristics 
of the adrenalectomized animal is its susceptibility to muscular fatigue, even if its 
general condition has been well maintained by good intake of food and the adminis- 
tration of a mineralocorticoid, such as deoxycorticosterone (EVERSE and DEF RE- 
MERY 1932, INGLE 1936, INGLE et al. 1952). The initial contractile or work response 
to a stimulus is within the normal range. However, continuation of the work load 
is soon followed by weakening contractions and finally by complete fatigue. 
Pretreatment with any of the glucocorticoids in adequate dosage normalizes work 
performance. This action of the glucocorticoids parallels their effect on liver 
glycogen deposition and has been used as one assay technique for this group of 
steroids. It could be argued therefore that the failure in work performance of the 
adrenalectomized animal is due to a breakdown in some aspect of the metabolism 
of carbohydrates in muscle. 

However, it can be shown that muscular fatigue is always preceded by a fall in 
blood pressure to less than 70 mm of Hg, and that continuation of the work stimulus 
beyond this to the point of fatigue leads to irreversible shock. On the other hand, 
as long as blood pressure is even temporarily maintained by nonsteroidal vaso- 
active materials or by transfusions, the muscular performance continues in good 
fashion. Furthermore, muscle removed from adrenalectomized animals dying in 
shock after complete fatigue in vivo is able to exhibit adequate normal work 
capacity when stimulated in vitro (RAMEY et al. 1950, 1951). 

In the case of muscular work it is immediately evident that adaptation of the 
small blood vessels is useful in increasing the blood flow to the working parts of the 
body. The glucocorticoids provide the body with the ready ability to open and close 
vascular areas for judicious redistribution of blood flow. We shall defer the discus- 
sion of the possible mechanism of action of the glucocorticoids in this regard until 
we consider its relation to the vasoactive functions of the autonomic nervous 
system (p. 14ff.). 


B. Increased glucocorticoid turnover: Result of stress in organisms 
possessing adrenal glands 


The same stress stimuli that evoke irreversible shock in the adrenalectomized 
animal unless glucocorticoids are provided evoke, in the normal animal, a set of 
responses that depend upon the presence of the adrenal glands. There is evidence 
that such stimuli lead to temporary hypertrophy and hyperfunction of the adrenal 
cortex associated with hypersecretion of the glucocorticoids (TEPPERMAN and ENGEL 
1942, TEPPERMAN et al. 1943, SmLyn 1946, 1951). During this phase of stress, one can 
observe shrinkage of lymphatic organs and the thymus, lymphopenia, eosinopenia, gra- 
nulocytosis, hyperglycemia, glucose tolerance disturbances, a negative nitrogen balance, 
and loss of body potassium. These effects are in essence the same as can be obtained 
by the administration of large amounts of exogenous glucocorticoids. It would be 
logical enough to conclude that these phenomena are solely the result of the adrenal 
hyperfunction evoked by the stressful stimulus. However, many if not all of these 
effects can be obtained in the absence of the adrenals when only a “maintenance” 
amount of a glucocorticoid is provided — an amount which by itself, in the absence 
of the stressful stimulus, does not produce such effects. The concept of the ““permis- 
sive” nature of glucocorticoid action derives from such observations. According to 
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this concept the stressful stimulus, in the presence of “‘normal” amounts of gluco- 
corticoids, leads to the metabolic changes seen in stress. The additional secretion 
of more glucocorticoid material is neither critical nor necessary for their initial 
appearance (Hastines and ComPERE 1931, Sayers 1950, INGLE 1952). 


There is, however, indirect evidence that during a stressful period administered 
glucocorticoids are utilized at a greater than normal rate. Thus, replacement doses of 
3 to 5 ml of aqueous extract of beef adrenal, 5 mg of cortisone acetate, or 3 to 
4mg of cortisol daily will sustain the adrenalectomized adult rat through a 
wide variety of moderate adjustments. In the absence of severe stresses, this daily 
steroid replacement will allow for normal growth and nitrogen retention ; regulation 
of blood pressure in the normal range; maintenance of blood sugar through periods 
of fasting ; regulated retention of water or diuresis, as well as appropriate renal loss 
of sodium, chloride and potassium in the maintenance of body fluid composition. 
By contrast, the supervention of a severe and sustained stress such as forced, 
sustained muscular work or severe hemorrhage makes necessary a two to five fold 
increase of the dose in order to maintain the regulated norms of blood pressure, 
glucose, water, and other features mentional above. The large doses of corticoids 
required for sustaining optimal resistance to stress in the adrenalectomized animal 
are destructive when administered to the non-stressed animal, leading to hypercorti- 
calism. Hypertension, edema, sodium retention and potassium loss, severe nitrogen 
loss and hyperglycemia appear and lead to death if continued. The severely 
stressed animal certainly “requires,” can “handle,” “‘dipose of” or “‘utilize”’ large 
amounts of corticoids, whereas the non-stressed animal is overwhelmed by the same 
dose levels of steroids (SAvERS 1950, Ramey et al. 1951, INGLE 1952). These data 
could just as well be interpreted as demonstrating interference with action at 
effector sites as increased “‘utilization.”’ 


Whatever may be the mechanism whereby the glucocorticoids protect the 
organism against peripheral vascular collapse resulting from a severe stress stimulus 
this action is clearly life-saving. Are the metabolic changes seen during stress 
directly associated with this life-saving property of the glucocorticoids. For 
example, what positive adaptive value has the negative nitrogen balance that 
follows injury ? In what way does the dissolution of the lymphatic tissues aid in 
adaptation, defense or repair ? At present, no definitive answers are at all apparent 
to such questions. 


Effects of glucocorticoids on nervous function 


The varied effects of glucocorticoids on the nervous system have been reviewed 
im extenso recently (WoopBuRY 1958). Reports of corticoid effects on metabolism 
and function of nervous tissue are legion and variable. All manner of preparations, 
from the central nervous system of the intact animal to isolated nerves, have been 
studied. Techniques of examination have varied from behavioral measurements to 
neuro-electrical recording, from studies of reflex responses to determination of 
biochemical constitution. Clear and unequivocal demonstration of patterns of 
relationship between glucocorticoids and various aspects of nervous function are 
lacking. A simple catalogue of reported effects would yield conflicting statements 
about the presence or absence of steroidal influence and the direction of influence 
upon many parameters of nervous activity. The inference from the more cautious 
work is that shifts in the sodium and potassium miliew of the nerve cell account for 


most of the reported over-all nervous-system changes in relation to adrenocortical 
status. 
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A. Influence in unstressed organisms 


Adrenalectomized mammals in which electrolyte and water patterns have been 
corrected by diet or deoxycorticosterone often exhibit well organized and sustained 
volitional and involuntary nervous behavior at rest. In the nearly ideal physical 
environment of the laboratory, or hospital, the exquisite sensitivity to stress of the 
salt-maintained adrenalectomized animal or man is not obvious. Without steroid- 
hormone replacement, the central nervous system can regulate muscular activity, 
temperature control, visceral function and appetite within moderate ranges. Con- 
sciousness, learning, memory, instinctive patterns of behavior, and emotional 
stability with appropriate range of response persist without glucocorticoids. 
Against this background, the changes in neuronal and synaptic performance 
revealed by neurophysiological techniques after adrenalectomy must be considered 
as largely non-critical for central nervous system activity unless there are 
severe adaptive demands. 


In similar fashion, many of the effects of glucocorticoid overdosage in man and 
animals can be obviated or markedly reduced by electrolyte and water correction. 
Increased intake of potassium salts, to offset the potassium loss and sodium reten- 
tion that accompany the administration of excess glucocorticoids, corrects many 
of the disturbances in nervous function while not affecting the disturbed functions 
of other organs or systems (RAGAN et al. 1950, GREENMAN et al. 1951, Lippix et al. 
1952, Racan 1953, THorN et al. 1953). Mental aberrations during therapy with 
glucocorticoids correlate best with electrolyte disturbances or prior history of 
mental disease. Emotional patterns both in hypercorticalism and in adrenal 
insufficiency are neither consistent in occurrence nor characteristic in appearance 
(BonNNycCASTLE and BRApDLEY 1956). (See also Chapter 6, Part 1 of this 
Volume.) 

Over and above changes in behavior and nerve function attributable to changes 
in electrolyte milieu, there remains a body of data indicating an influence of 
steroids on neuronal and motor endplate function. Unfortunately, the changes are 
not consistent. Depending on dose, manner of recording, or the exact nature of the 
experimental preparation, either an augmentation or inhibition of a given nerve 
function can be demonstrated with either excessive or deficient levels of hormones 
(WoopgBuRry 1958). The only definite statement that can be made is that nervous 
tissue depends on adrenocortical hormones for normal function, as do renal, 
cardiac, hepatic and other tissues. The inability to define the steroid dependence of 
nervous tissue underlines how far we are from understanding the primary action 
of steroids at the molecular level. 

Possibly some insight into steroid action is revealed in one specific area of 
nervous function, namely, the response of some target organs of the sympathetic 
nervous system. For one major area — tissue response to the epinephrines — 
dependence on glucocorticoids can be described in some detail. The small blood vessels 
of the body exhibit a sensitive glucocorticoid dependence in stressful situations that 
parallels or mirrors the total organism’s steroid dependence in stress. When a 
change in the animal’s status evokes vasoconstriction by the sympathetic neuro- 
humors, the presence of glucocorticoids becomes crucial for two aspects of the 
response of the small blood vessels. Steroidal support is necessary for adequate and 
sustained vasoconstriction. And, further, steroidal support becomes essential for 
maintenance of the anatomical integrity of the small blood vessels. Recent reviews 
describing these phenomena and discussing their implications are available (GoLpD- 
STEIN and Ramey 1957, RAMEY and GOLDSTEIN 1957). 
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B. Influence in stressed organisms 


A progressive failure of circulation can be shown to underlie and precede 
defects typical of adrenalectomy such as easy fatigability on muscular exertion or 
sensitivity to trauma, hemorrhage, and noxious agents, e. g., formalin (ZWEIFACH 
et al. 1947, Ramey et al. 1950, 1951, Frrrz and Lnvrne 1951). Arterial and venous 
blood pressures and cardiac rate, when studied during such “stresses,” suggest 
that a functional failure at the small blood vessel site, rather than at the heart, leads 
to the profound vascular collapse seen in adrenal insufficiency. Direct microscopic 
visualization of vascular beds at various sites, but especially in the splanchnic 
beds, reveals vasoconstriction in response to bodily insults. In the intact animal, 
this is sustained for long periods before ultimate recovery. In the absence of 
glucocorticoids, the initial constrictive response is poorly sustained and gives way 
to progressive dilation of the capillaries. Stasis of blood in engorged capillaries is 
soon associated with aneurysmal dilations extending from the venules progressively 
back through to the arterioles. Fluid escapes the confines of the endothelium and, 
in time, escape of formed elements gives additional evidence of loss of endothelial 
integrity. Diapedesis spots the vascular bed with multiple sites of extravascular 
accumulations of red blood cells. As this progressive disruption of the circulation 
in small blood vessels occurs, the general state of the animal deteriorates. The poor 
vascular response to the epinephrines and the anatomical disruption appear to be 
two different aspects of vascular collapse. 

Three points in the description of this phenomenon deserve emphasis. (1) The 
vasculature of the adrenalectomized animal is well organized in the absence of 
stress. (2) The initial vasoconstrictive response to the sympathetics is adequate and 
virtually normal. (3) But once deterioration of small blood vessels has begun, it is 
progressive and self-sustaining and no longer requires the continued application 
of the external insult. Adrenocortical steroids of the glucocorticoid variety will 
arrest and reverse this small vessel destruction and produce return of capillary tone 
and intravascular flow of blood. Steroids effect this repair generally when given 
systemically, or effect a local repair when applied topically. Sustained vaso- 
constriction, with retention of anatomical integrity, at high levels of sympathetic 
neurohumor activity is dependent upon a direct action of glucocorticoids on small 
blood vessels. 

Administration of epinephrine or norepinephrine produces the same picture of 
vascular collapse in the adrenalectomized animal. The effects of systemic adminis- 
tration of the epinephrines can be imitated locally by topical application of the 
neurohumors to an exposed vascular bed (FRrrz and Levrng 1951, Rets 1960). 
Disruption of small blood vessels by the epinephrines is a local phenomenon, as is 
vascular protection by glucocorticoids. The intimate circulation itself is a major site 
of epinephrine-steroid interaction. 

From these findings it can be proposed that a major defect exhibited by the 
adrenalectomized animal is the inability of his tissues to sustain the adaptive 
responses necessary to combat stress. The physically damaging agent is not the 
external insult, as a rule, but rather the increased levels of elicited epinephrines 
acting on glucocorticoid-deficient vasculature. One can further attribute the survival 
of the salt-maintained adrenalectomized animal, at rest, to an environment that 
minimizes external stimuli eliciting endogenous sympathetic nervous responses 
(Hoskins 1922, GoLpsrern and Rampy 1957). 

In support of this view is the striking protection yielded a stressed adrenal- 
ectomized animal by any agent that interrupts the flow of sympathetic nervous 
impulses to tissues. Adrenolytic agents active at effector sites, ganglionic blockades, 
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spinal anesthetics, and central nervous system depressants all share the property of 
protecting adrenal-insufficient animals from progressive and fatal vascular collapse, 
resulting from various stresses (FREEDMAN and KapaT 1940, KLEINBERG et al. 1942, 
SCHACHTER 1945, REMINGTON et al. 1948, Wiacurs et al. 1948, GoLpsTErN et al. 
1952). This strongly suggests that adrenal insufficiency as a syndrome is in large 
part due to the absence of adrenal steroids in the presence of an active sympathetic 
nervous system. Such a dual consideration is not unique in endocrinology. The 
diabetes of pancreatectomy, in similar fashion, is a syndrome arising from the 
absence of insulin in the presence of anterior pituitary secretions; diabetes insipidus 
results from the absence of anti-diuretic hormone in the presence of adrenocortical 
hormones, and so on. 

Seeking the mechanism of action of steroids in the phenomena associated with 
adaptations to stress, forces additional consideration of the epinephrines. It is 
possible to expose an animal to ever increasing amounts of these neurohumors and 
build up a curious and dramatic resistance (Esspx 1952). By training, one can 
achieve epinephrine resistance to many times the lethal dose for an untrained 
animal. Dogs can be adapted to survive as much as 3000 ug of epinephrine per kg 
of body weight, given intravenously, with only brief and minimal discomfort. 
Despite this tolerance, the response of various systems (including the vascular) to 
minimal amounts of 1 to 5 wg is unchanged. Resistance to toxicity has been 
developed, not reduced capacity to respond physiologically. Such resistance is 
independent of the adrenal cortex and persists after adrenalectomy. Further, such 
adapted adrenalectomized animals are exceedingly resistant to stress and can 
survive surgery, hemorrhage, and severe exercise (GOLDSTEIN and Ramey 1956). 

Adaptation to the epinephrines frees the organism from its profound dependence on 
adrenal steroids. In all likelihood, this explains the adaptation to chronic exposure 
to stress. With time, repeated exposure to a bodily insult often leads to a progres- 
sively diminishing need for steroids. The hypertrophied adrenal cortex regresses in 
size and activity towards the resting state (HmRoux and Harr 1954, NIcHOLLs et 
al. 1956). 

These two classes of agent, cortical steroids and epinephrines, are intimately 
related. Situations that elicit increased secretion of one also elicit more of the other 
(GOLDSTEIN and Ramny 1957). They both act locally on small blood vessels. The 
influences of both the sympathetic neurohumors and the glucocorticoids are 
ubiquitous. Removal of, or adaptation to, excessive sympathetic influence in 
tissues leads to a diminished need for adrenal steroids. While pointing to no 
specific mechanism for the action of either agent, this close local relationship of the 
two offers an investigative avenue of approach. 


C. Relation to pathogenesis of mental disorders* 


The effects of corticoids on mental behavior and status have been widely 
studied and extensively reviewed (BROWNE 1952 a, b, CLEGHORN 1952, 'THORN et al. 
1953, BonnycasTLE and BrapLey 1956, WoopsBury 1958). Since the initial 
recognition of Addison’s disease and Cushing’s syndrome, mental aberrations of 
various kinds have been observed in patients with either hypofunction or hyper- 
function of the adrenal cortex. With the use of large therapeutic doses of ACTH 
and glucocorticoids, an extensive variety of euphoric states, psychological disturb- 
ances and frank psychoses have been precipitated. Many of these mental abnor- 
malities can be obviated by adjustment of electrolyte balance, but a considerable 
incidence of behavioral disorders must be attributed to direct action of the corti- 


* This topic is considered further in Part 1, Chapter 6 (Sub-Eds.). 
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the turbulent activities of the phagocytes.” It is possible that at least a portion of 
the blood globulins is manufactured by the lymphatic tissue. It may well be that 
the suppressive effect of the glucocorticoids upon this tissue explains the reduction 
of the blood globulin concentration to the normal range by the administration of 
steroids in various inflammatory states (FiscHEL 1950, Bunim et al. 1952). 


While there is certainly no unanimity of opinion or in experimentai data, the 
preponderance of the evidence favors the view that glucocorticoids do not interfere 
directly with antibody production but inhibit the extent of tissue reaction following 
the binding of certain antibody complexes in cells (FIsCHEL 1950). Thus in the experi- 
mental form of nephritis produced by the immunological technique of administer- 
ing anti-kidney serum, cortisone treatment prevents the inflammatory reaction. 
When steroid administration is stopped abruptly, the expected reaction then 
appears, many days after the anti-kidney serum was given. Steroid actions appear 
to affect some primary event common in cell reactions to a great variety of stress- 
ful agents, rather than directly to neutralize the agents themselves (WEDGEWOOD 
et al. 1951, THorN et al. 1953). 

Since the glucocorticoids act on the reactive process irrespective of the nature 
of the inciting agent, they interfere with the protective functions of inflammation 
as well as with the crippling aspects. Walling off a bacterial infection by means of 
the “pyogenic”? membrane is thus done away with. Hence, there is a tendency for 
viral and bacterial infections to spread during the time when the glucocorticoids 
are used to inhibit an “inflammatory” disorder — of the collagen disease type 
or of the hyperergic group of syndromes (SHWARTZMAN 1953, Kass and FIn- 
LAND 1948). 


When a quiescent peptic ulcer is present in a patient given prolonged gluco- 
corticoid therapy, the continuous struggle between the breakdown and the healing 
process by fibrosis is tipped against healing. Gastrointestinal bleeding from a peptic 
ulceration is one of the serious complications of chronic steroid therapy (GRAY et 
al. 1951, Kirsnzr et al. 1952, RoBeRT and Nezamis 1958). 


Undesirable pathological events during glucocorticoid therapy are sometimes 
referred to as side-reactions. This is incorrect. They are the actions to be expected from 
large doses of the steroids. Collectively they form an artificially produced Cushing’s 
syndrome: (1) plethoric facies and erythrocytosis, (2) retention of salt and water, 
(3) thin skin with purple striae, (4) trunk obesity, (5) osteoporosis and possible 
vertebral collapse, (6) hyperglycemia and glycosuria, (7) psychotic episodes usually 
of the hypomanic variety. 


A study of Table 1 (p.4) demonstrates that the steroid nucleus requires 
particular substituents or certain bond modifications to bring out or intensify the 
“metabolic” activities. Although it is possible to modify the degree of metabolic 
activity, thus far it has proved impossible, by structural modifications, to influence 
separately to any significant degree the “‘anti-inflammatory” and the “‘metabolic” 
activities. Indeed, our previous discussion has led tentatively to the supposition 
that the inhibition of proliferation of certain cell types is another expression of an 
intense anti-anabolic action of the glucocorticoids. Steroids with strong mineralocorti- 
coid activity (such as deoxycorticosterone), instead of being anti-inflammatory, 
may actually enhance the inflammatory response. The failure to dissociate anti- 
inflammatory and metabolic effects of glucocorticoids in a convincing manner 
strengthens the hypothesis that glucocorticoid action, when it is finally 
described on a molecular level, will be found to affect a single reaction. Such a 
hypothetical chemical reaction between a glucocorticoid and a specific cell 
constituent may underlie all the phenomena described as “effects.” 
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Effeets of glucocorticoids on seemingly unrelated systems 


Despite the enormous number of investigations dealing directly or indirectly 
with glucocorticoid action, we are far from an understanding of the molecular 
happenings that initiate the steroid effects on tissues. The attempts to demonstrate 
effects im vitro on excised tissues, homogenates and enzyme extracts have yielded 
either negative, uncertain or uninterpretable results (UMBREIT 1951, DrrscHERL 
1955). Nevertheless it is possible to develop a hypothesis or hypotheses to correlate 
many of the effects of glucocorticoids. A review of the ‘metabolic’ activities leads to 
the suspicion that the basic effect in this sphere is the anti-anabolic or protein-catabolic 
effect, although nothing is known as to its mechanism, or even whether this reflects 
lysis of certain cell systems or reflects an inhibition of development and growth of 
cells. The anti-inflammatory and some of the adaptive responses can be traced to 
more primary, although unknown, actions affecting the state of the capillary endo- 
thelium, in addition to inhibiting cell reactivity in the connective tissue systems. 

However, even these vague generalizations do not begin to satisfy the question of 
mode of action of the glucocorticoids on certain aspects of bodily function. We shall 
consider two such areas in which the mode of hormone action is completely 
unknown: (1) the effects of these steroids upon blood cells and the clotting mecha- 
nism; and (2) their actions upon water diuresis. 


A. Effects on blood cells, platelets, and clotting time 


The glucocorticoids have been found to exert a varying set of effects on the 
formed elements of the blood and on the hematopoietic system, which it is diffi- 
cult or impossible to group jointly, at this time, with the other known activities of 
these steroids. Some of these data are derived from experimental animals and from 
normal humans, others from observations on human beings with disease, during 
glucocorticoid administration. 

In adrenal insufficiency there is found an absolute lymphocytosis. Glucocorticoids 
will severely depress the lymphocyte count in normal as well as in adrenalecto- 
mized animals and humans (DouGHERTY and WuirtE 1944). Although there are some 
studies tending to show that this may be due to rapid cell destruction (HEILMAN 
1945, FrLpMAN 1950), the evidence is by no means unequivocal (BALDRIDGE et al. 
1951). At least this action on the circulating lymphocyte is consistent with the 
regression caused by the glucocorticoids in the lymphatic tissues. This effect may 
be the expression of an intense anti-anabolic action on cells and tissues which 
“turn over” very rapidly. 

The eosinophil leukocyte is similarly affected by the glucocorticoids. In normal 
animals the diurnal variation in eosinophil count is inversely related to the diurnal 
variation in glucocorticoid secretion by the adrenals. The fall in eosinophils pro- 
duced by ACTH administration is a fairly good index of adrenal cortical reactivity, 
although it has been shown that substances like epinephrine will cause a drop in 
eosinophil cell count in an adrenalectomized animal or human being providing a 
maintenance amount of glucocorticoids had been previously given (HENRY et al. 
1953, THORN et al. 1953). 

The glucocorticoids generally tend to raise the total leukocyte count by increasing 
the number of granulocytes. This effect is not sustained on chronic administration 
(Hits et al. 1948). 

As has been mentioned above, in naturally occurring Oushing’s syndrome as 
well as in the drug-induced variety, the red blood cell count tends to be high (14 to 
17 g hemoglobin per 100 ml). There is usually no increase in the blood volume, so 
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that one speaks of an erythrocytosis rather than a polycythemia. Because of this 
observation, clinicians have given glucocorticoids for hypoplasia or aplasia of the 
erythroid marrow with good, albeit temporary, success in stimulating erythro- 
poiesis (BoussER and BourmLLER 1958). This action is not understood and seems in 
contradiction to the picture of inhibition of cell proliferation and of protein 
anabolism that is in general the hallmark of the glucocorticoids. However, it is 
possible that this action of glucocorticoids in stimulating red blood cell production 
is secondary. In other words, this may be still another example of steroid counterac- 
tion of the reaction to an injury — which here would be suppression of hemato- 
poiesis. 

Somewhat more typical are the effects of the glucocorticoids upon certain 
aspects of blood clotting disorders. Thrombocytopenic purpura is a disease in 
which two factors seem to be involved. The number of platelets in the circulating 
blood is very low. By itself, this would not lead to spontaneous bleeding. The 
capillary endothelium seems also to be affected because of an auto-antibody 
reaction. The glucocorticoids may be used to control the bleeding tendency 
without affecting the number of circulating platelets. This action of glucocorticoids 
seems consistent with their tendency to make tissues non-reactive to injurious 
agents, and especially to protect, in some manner, the capillary endothelium 
(WHITELAW 1951). 

B. Effects on water diuresis 


Many of the glucocorticoids have an influence on the excretion and absorption 
of sodium, potassium and therefore water similar to that of deoxycorticosterone. 
Such activity is of course the predominant one of the mineralocorticoids. As is 
evident from Table 1, changes in chemical configuration at certain carbon atoms 
of the steroid nucleus may either enhance or almost completely abolish the 
mineralocorticoid activity. On the other hand, there is one action that is independ- 
ent of the mineralocorticoid activity but is definitely related to the degree of 
glucocorticoid effect — and that is the reaction to a water load. 

It was observed some years ago that in adrenal insufficiency there is a lag in the 
excretion of a water load (Levy et al. 1946, LotsprtcH 1949). The lag is evident when 
the water is administered either orally or intravenously, and therefore it is not due 
to an absorptive defect in the gastrointestinal tract (THoRN et al. 1953). The 
administration of saline, with or without mineralocorticoids, does not repair this 
defect even when glomerular filtration rates have been restored to normal levels 
(SOFFER and GABRILOVE 1952, Garrop et al. 1955). The ability to excrete a water 
load quickly is restored specifically by the glucocorticoids, in good accord with the 
degree of their other metabolic activities. This effect is exerted either on the kidney 
tubule, perhaps by opposing an antidiuretic factor (GAUNT et al. 1949, RoEMMErT 
et al. 1952, Sorrsr et al. 1957), or on the tissues in general, by preventing over- 
hydration of cells (THORN et al. 1953). 

Whatever may be the true site of this action, it is difficult to see any particular 
relation of this effect to the major groupings of activities described above. 

Even though the glucocorticoids are not ‘‘omnipotent,” their effects are so 
widespread that the molecular mode of action will have to be looked for in a 
property which is fundamental for almost all cellular systems. The present state of 
knowledge allows only a descriptive and classifying approach to this problem. 
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Chapter 8 


Adrenocortical insufficiency* 


By 
FREDERICK G. Hofmann and Epna H. Soper 


Introduction 


The numerous and profound biochemical and physiological disturbances that 
characterize adrenocortical insufficiency bear striking witness to the biological 
importance of adrenocortical hormones. A vast number of investigations of 
various aspects of adrenocortical insufficiency have been undertaken in the past 
30 years; our capacity to describe this condition has grown accordingly. There has 
been no parallel growth, however, in our ability to comprehend the fundamental 
nature of adrenocortical insufficiency. The mechanism(s) of action of adreno- 
cortical hormones remains but poorly understood; as a result, one rarely knows 
which are primary and which are secondary consequences of adrenocortical 
insufficiency. 

It will be evident at many points in this chapter that extraneous blocks to our 
understanding of adrenocortical function also exist. They derive, in the main, 
from the fact that experimental conditions differ from one laboratory to another. 
After adrenalectomy, some investigators provide physiological saline as a drinking 
fluid; others administer adrenocortical hormones for a few days postoperatively 
or throughout the entire period of observation; still others provide no maintenance 
therapy whatsoever. These variations seem to be a matter of no great consequence 
in certain studies, for many upsets occasioned by adrenalectomy are not benefited 
by the administration of saline or hormones such as deoxycorticosterone. In many 
studies, however, the supportive measures employed may have partially remedied 
the state of complete adrenocortical insufficiency. 

The timing of observations must also be considered. Many of the disturbances 
of adrenocortical insufficiency grow more intense with the passage of time: what 
appears inconsequential 48 hours after adrenalectomy may be dramatically 
evident in the preterminal period. Findings at these two periods of time cannot be 
compared, and yet disputes have arisen from just such comparisons. 

If adrenalectomy is incomplete or if accessory adrenocortical tissue is present 
in the organism, erroneous findings result. In some reports, it is impossible to 
determine if attempts have been made to assess these factors. All of the exogenous 
and endogenous factors that can influence survival in states of adrenocortical 
insufficiency (see pp. 64—68) have been sources of obfuscation at one time or 
another. 

For a variety of reasons, the discussion of adrenocortical insufficiency that 
follows is by no means complete. To avoid duplication of other chapters in the three 
parts of this volume, certain topics, such as the derangements in the intermediary 


aa This chapter was submitted in the summer of 1961; a few modifications were introduced 
in 1962. 


28 Addison’s reports 


metabolism of carbohydrates, proteins and lipides that occur in adrenocortical 
insufficiency, have been omitted. After the historical introduction, the principal 
emphasis has been given to reports published in the period 1950 through 1960. 
The discussion of the diagnosis and treatment of Addison’s disease is not intended 
to supplant more detailed medical guides, to which reference is made, but rather 
to consider these subjects in relationship to the entire topic of adrenocortical 
insufficiency. 

The most valuable general reviews on adrenocortical insufficiency are those 
of Hartman and Browne tu (1949) and Nosie (1950, 1955). Since 1945, selected 
aspects of this topic have been treated by Parkes (1945), Kunpaxi (1948), 
Sorkin (1949), Gaunt et al. (1949), Moraan (1951), THorn (1951), NABaRRO 
(1956), Rampy and GotpsreErn (1957) and WoopBury (1958). 

Few investigations have been made of adrenocortical insufficiency in the lower 
vertebrates; the presently available data have been ably reviewed by CHESTER 
Jones (1957). (See also Chapters 1 and 4, Part 1 of this Volume.) 


Historical review of adrenocortical insufficiency 
A. Addison’s reports 


During the 18th and 19th centuries, great progress was made in accumulating 
knowledge about the structure and comparative anatomy of the adrenal glands 
(Chapter 1; Sorktn 1957). However, no advance was made in understanding their 
role in physiology until 1849, when THomas ADDISON suggested a possible connection 
between postmortem evidence of disease of the ‘“‘supra-renal capsules” and the 
signs and symptoms presented by the patient. The earlier speculations about the 
possible meaning of these structures were reviewed by BIEDL (1913), ROWNTREE 
and SNELL (1931) and BouRNE (1949). 

Reference is made most frequently to ADDISON’s monograph (1855), which 
was published 6 years later than his presentation at a meeting of the South London 
Medical Society (ADp1son 1849). That this earlier description was received with 
considerable skepticism is evident from the discussion following the paper, which 
provoked the chairman of the meeting, Joun Hitton, to rise to ADDISON’s defense 
(discussion of ADDISON 1849). The critics said the adrenals could not be important 
since they were smaller in adults than in newborn infants, but HimTon stated he 
- had found them ‘‘a good size even in the aged.” 

ADDISON’s modest paper in 1849 included 5 patients who had insidious onset 
of languor, restlessness, pallor, decreased muscle strength, weakness of heart 
action, faintness and sight edema. Two of the patients recovered, but postmortem 
examination of three showed disease of the adrenals. By 1855 Apptson’s descrip- 
tion of changes in skin pigmentation included vitiligo. The details of findings at 
postmortem examination of 11 patients (including one described by Bricut in 
1831) make it evident that the clinical picture was not always due to adrenal 
insufficiency, since in 4 cases only one adrenal was affected by tuberculosis or 
metastatic carcinoma. Of the other 7 patients, 5 had bilateral tuberculosis of the 
adrenals, one had metastases to both adrenals, and in one both adrenals were 
atrophic (the combined weight was given as 49 grains, or 3.3 g). ADDISON was 
careful to include a differential diagnosis in his monograph, emphasizing malignant 
disease of the viscera, miasmic poisoning, and anemic disease, in which abnor- 
malities of the spleen and lymphatic organs should aid in the clinical differentiation. 
He clearly regarded the increased pigmentation of the skin as the finding that was 
always present in the newly described disease. 
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The impact of Apprson’s reports and the subsequent efforts to unravel the 
role of the adrenal glands in body processes have been reviewed by several authors, 
whose individual perspectives provide fascinating reading (GREENHOW 1875, 
Breput 1913, Vincenr 1922, SHARPEY-ScHAFER 1924, TRENDELENBURG 1929, 
Brirron 1930, RownrTREE and SNELL 1931, KepLer 1935, GRoLt~man 1936, 
SWINGLE 1937, SOFFER and Engst 1942, Goupzrener 1944, BourNE 1949, Gaunt 
and EvERsoLe 1949, SorKIN 1956, 1957). A summary of the work leading to the 
eventual acceptance of App1son’s hypothesis follows. 


B. Period of exploration 


I. Early extirpation experiments 


Attempts to establish the vital importance of the adrenal glands were rendered difficult 
by the results of early extirpation experiments in animals, which failed to reproduce the signs 
seen in patients. 

Brown-SkQuarpD (1856a, b) convinced himself that the adrenals were essential to life, 
since the animals he used (dogs, cats, rabbits and guinea pigs) died more rapidly after their 
removal than after extirpation of the kidneys. Evidently he was not disturbed by the fact that 
animals lived at best a few hours longer after unilateral than after bilateral adrenalectomy. 
He was able to prolong life for some hours in either type of experiment by the injection of 
blood from a healthy animal, and so suggested that a toxic substance accumulated in the blood 
of operated animals. GratioLer (1856) then felt encouraged to publish the results of his 
experiments with guinea pigs, reportedly done in 1853 and 1854. He showed that removal of 
the right adrenal or of both adrenals always led to death within 24 hours, although animals 
could survive removal of the left adrenal for months. (Apparently this discrepancy can be 
attributed to the greater incidence of hemorrhage when the right adrenal is removed, and 
suggests that death following bilateral adrenalectomy might also have been from hemorrhage.) 
TROUSSEAU (1856) also supported BRowN-SEQuUARD’s contentions, since rabbits affected with 
a natural disease in which inflammation of the adrenals occurred had signs similar to those 
observed in animals following experimental extirpation; furthermore healthy animals devel- 
oped the same symptoms when injected with blood from diseased rabbits. 

PuitrPEavXx (1856) concluded that the adrenals were not essential to life, but related death 
following bilateral extirpation to the operation itself, since he found that rats survived when 
the left adrenal was removed two weeks after the right. In a rebuttal to this denial of his 
work BRowNn-SHQUARD (1857) suggested that if white rats survive adrenalectomy it must be 
because they do not accumulate pigment, which he supposed to be the cause of death. However, 
ScurrF (1863) observed that non-albino rats were also able to survive adrenalectomy, provided 
time was allowed for them to become accustomed to laboratory conditions before surgery was 
undertaken. The impression at the time was that the adrenal glands are not essential for life. 
(See Brepu 1913.) 


II. Early clinical observations, hypothesis of nervous etiology 


The conclusion that animals can survive adrenalectomy caused considerable difficulty for 
those clinicians seeking to convince the skeptics that Addison’s disease is an entity. The 
hypothesis was proposed that the disease in man is due to destruction of ganglia of the sym- 
pathetic nervous system adjacent to the adrenals. 

In 1859, Witxs, Apprson’s colleague, expressed the opinion that some of the doubts were 
based on erroneous views, which he attempted to correct by pointing out (1) that such conditions 
as jaundice or pityriasis must not be confused with the skin changes described by ADpIsoN, and 
(2) that a gradual increase in pigmentation of the skin would not have time to develop in a 
person who died early in the course of the disease. He also described the prominent Peyer’s 
patches of the disease for the first time. WiLKs had more difficulty in dealing with the criticism 
that the adrenals could be removed from lower animals with impunity, and suggested that 
these reports, if true, did not mean the disease would not eventually be fatal. He suggested 
that loss of function of the semilunar ganglia and solar plexus might be responsible for the 
symptoms of the disease, although he did not doubt that the lesion of the adrenal itself was 
related to tuberculosis. 

However, only two years after Appison’s death, WiKs (1862) decided that it was not 
established that the disease was connected with destruction of the adrenals, but that involve- 
ment of the sympathetic nerves was most important in explaining the signs and symptoms. 
He believed that of the patients described by Appr1son those with vitiligo should not be 
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considered as having Morbus Addisonii; he also did not accept the patients who had carcinoma, 
and in this he may have been correct. Among the 25 patients W1Lxs reported as truly afflicted 
with this disease was one who habitually ate highly seasoned dishes and butter; another died 
after having received 2 small doses of morphine. These statements were perhaps the first 
indications that adrenal insufficiency may lead to a craving for salt and to an increased 
sensitivity to morphine. 

A good deal of the difficulty experienced by Addison’s contemporaries seems to have been 
related to the emphasis they placed on pigment changes in the skin, which was described in 
great detail in all case reports. In the Croonian Lectures for 1875, GREENHOW reviewed the 
330 cases that had been reported as instances of Addison’s disease in the preceding 20 years. 
He devoted much space to descriptions of the gross and microscopic appearance of the skin as 
well as to details of the clinical course and the pathological findings. In his efforts to differen- 
tiate between true and spurious reports, he started from the premise that in all genuine instances 
the disease must be due to a common lesion, which he considered to be an inflammatory 
involvement of the sympathetic chains adjacent to the adrenals. He attributed the misconcep- 
tions which had arisen to App1son; he criticized the inclusion of a patient with atrophy of the 
adrenals, and the use of the term ‘‘bronzed skin disease,’’ which, he said, had identified the 
‘disease itself with its most conspicuous but least important feature.’’ Nevertheless, GREENHOW’s 
review includes much valuable material. He emphasized the occurrence of gastric ulcers and 
enlargement of lymphatic structures of the intestinal tract in patients with Addison’s disease. 
In 1877, WrxKs returned to some extent to ADpDISON’s opinions about the role of the adrenal 
glands. 

The theory that the signs and symptoms of Addison’s disease are due to involvement of 
the sympathetic nerves was slow to die; it was mentioned as a possibility as late as 1924 
(G. STEWART). 


C. Period during which endocrine nature of adrenal cortex was 
established 


I. Compensatory hypertrophy and accessory adrenal tissue 


STILLING (1889) demonstrated in rabbits that compensatory hypertrophy of the remaining 
adrenal gland followed unilateral adrenalectomy. He observed that the average weight of an 
individual adrenal in rabbits was 10 mg/100 g of body weight, whereas, some months after the 
left adrenal had been destroyed, he found regularly that the remaining adrenal weighed 
43 mg/100 g. STiLLING also reported the enlargment of accessory adrenals after partial adrenal- 
ectomy and- that these nodules were composed entirely of cortical tissue. That remaining 
cortical tissue hypertrophied after partial adrenalectomy was confirmed by StREHL and WEISS 
(1901), B. Moore and Purtnton (1901), T. Exxiorr and Tucknrt (1906), Crowk and Wis- 
Lock! (1914), and T. Ettiorr (1914/15). The discovery that in many animals, especially rats, 
accessory adrenocortical tissue hypertrophied if the animals survived adrenalectomy for a 
significant time explained some of the earlier conflict about the vital role of the adrenal glands 
(Brevi 1913, G. Srmwart 1924). 


As experimental techniques improved, it became clear that bilateral adrenalectomy was 
always fatal to animals lacking accessory glands [ABELOUS and LaNncLors 1891 (frogs), 1892a 
(guinea pigs), LANGLors 1893a, b (dogs), Soppu 1898 (dogs), SrreHL and Werss 1901 (a 
variety of mammalian species), Brepi 1913 (dogs, cats and rabbits) ]. 


Il. Relative importance of cortex and medulla 


Clinical reports relating symptoms of adrenal insufficiency to atrophy of the cortex and 
experimental observations that animals could survive adrenalectomy in the presence of 
accessory cortical tissue could have been interpreted to mean that it was the cortex and not 
the medulla which was essential to life. PHmips (1899) found the medulla in better condition 
than the cortex in 17 patients with simple atrophy of the adrenal glands. Stmmonps (1903) 
reported 2 patients in whom atrophy of the adrenal cortex was found at postmortem examina- 
tion; distinct medullary tissue was found in both instances. 


However, the relative insignificance of the medulla was not accepted readily. Even the 
clear-cut work done by Brepr in 1899 (Brept 1913, pp. 150—152) did not succeed in settling 
the issue. He removed all the interrenal (cortical) tissue from elasmobranchs (sharks), in which 
cortical and medullary components are anatomically separate. Those animals which survived the 
surgical procedure soon became weak and died. This finding was confirmed for dogs by Crowk 
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and WIsLocKI (1914), who removed the cortex in 4 stages from a dog that remained in good 
health until the last fragment of hypertrophied cortex had been removed. The medulla was 
well-preserved. They noted that only cortical tissue underwent compensatory hypertrophy. 
Subsequently WHEELER and VINCENT (1917) destroyed the medulla of one gland by cauteriza- 
tion and found that animals from which the other gland had been entirely removed survived 
without symptoms, providing some cortical tissue remained; no details of the experiments 
were given. Houssay and Lewis (1923) removed one medulla and a whole gland from dogs, 
which remained in good condition for months but died subsequent to removal of the cortical remnant. 
ZWEMER (1926/27a) repeated these experiments in cats with similar results; remnants of the 
medulla were found in only 2 of 10 ‘‘cortical glands” created by removal of medullary tissue 
and zona reticularis under a dissecting microscope. As late as 1935 KrpLer, however, stated 
the view probably still held by some physicians (as GoLDzIEHER 1944) that the symptoms in 
chronic adrenal insufficiency may be partly due to destruction of the medulla. 


Il. Theories of adrenal function 


With the successful demonstration of the necessity of the adrenal glands, 
speculation concerning their function was renewed. There were two opposing 
theories: (1) that the organs serve to detoxify noxious substances, and (2) that 
they are endocrine glands. 


1. Theories of anti-toxie function 


The theory that toxic substances accumulate in the blood of adrenalectomized 
animals, suggested by Brown-S£QUARD in 1856, was revived. ABELOUS and 
Lane ors (1891, 1892a, b) and BRown-SéquaRD (1893) reported that the blood 
of adrenalectomized animals was toxic to intact ones, and that life of deficient 
animals could be prolonged for a short time by giving blood, saline, or an extract 
of adrenal glands. ALBANESE (1892a) suggested that the adrenals serve to neu- 
tralize the products of muscle fatigue, while CHarrin and LaneLors (1894) 
concluded, from in vitro experiments, that adrenal tissue was able to fix toxic 
substances, or to transform them chemically. ALBANESE (1892b) and Marrno- 
Zucco and Durro (1894) thought that the detoxifying function of the adrenals was 
the neutralization of ‘‘neurine’’ (apparently choline), which was found in large 
quantities in the urine of Addisonians, and to which adrenalectomized animals 
were sensitive. Borner (1896) considered neurine of little specific importance, since 
adrenalectomized rats were also sensitive to atropine. Others suggested that 
exogenous toxins were neutralized by the adrenals (BERNARD and Bicart 1902, 
OPPENHEIM and LOEPER 1903a, b). 


Soppu (1898) performed experiments in dogs adrenalectomized in 2 stages in an 
attempt to determine whether the animals died because of damage to the sym- 
pathetic nervous system or because the adrenals were essential organs. Since he 
believed that death was due to alterations in the blood, he removed 20 to 25% of 
the total blood volume and replaced it with what he considered an innocuous 
substance — physiological saline solution. By this maneuver he succeeded in 
prolonging the lives of his experimental animals for some hours; he concluded that 
the saline probably had helped by diluting a toxic substance, although he raised 
the possibility that it might have served to maintain a normal physiological 
property of the blood. This appears to have been the first demonstration that 
physiological saline benefits the adrenalectomized mammal. 

Even after clear evidence of the potency of extracts from the adrenal cortex 
had been acquired, the hypothesis persisted for some time that death in adrenal 
insufficiency is due to accumulation of a toxic substance (SILVETTE and Brirron 
1932, Roaorr 1944). 
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2. Theories of secretory function 


SrrEHL and Wess (1901) favored the idea that the adrenal secretes a sub- 
stance into the blood stream. The data on which they based this concept were not 
especially sound (see Brept 1913, p. 148), yet they were inspired to try the effects 
of adrenal venous blood or of the adrenal gland itself on survival after adrenal- 
ectomy. Intravenous administration of either of these extracts to adrenalectomized 
rabbits led to death from emboli. Extracts prepared by other investigators seeking 
to determine whether the adrenals were in fact ductless glands with a secretory 
product were also toxic to adrenalectomized animals. 

BERNARD et al. (1903) proposed that the high lecithin content of the adrenal 
indicates that the gland produces it in an active secretory process. 


IV. Extracts of adrenal glands 


Success in isolation of an active material from the adrenal glands, at first 
limited to the medulla, gave great strength to the hypothesis of secretory function. 


1. Medullary extracts 


Finally an active extract was prepared from the adrenal glands. However, it was found to 
be present in much larger amounts in the medulla than in the cortex, and it could not be 
extracted from the caseated medulla and sclerosed cortex of patients with Addison’s disease 
(OttvER and ScHAFrER 1895). This exciting discovery of adrenaline, or epinephrine, retarded the 
progress of research on a secretory product from the adrenal cortex for many years, although it 
clearly established the existence of an internal secretion from the gland. 

Treatment of Addisonian patients or adrenalectomized animals with medullary extracts 
was not successful. Borner (1903) commented on severe symptoms following administration 
of epinephrine to patients, and warned against its use. BrEDL (1913, pp. 166—167) specifically 
denied that adrenaline could be regarded as substitution therapy since it did not prolong the 
lives of adrenalectomized animals. 


2. Cortical extracts 


Since choline (neurine) could be extracted in larger amounts from the adrenal cortex than 
the medulla, some investigators suggested that this substance might be antagonistic to 
epinephrine and might in fact play a role in adrenal physiology. The false trail of neurine 
production by the adrenal gland is reviewed interestingly by E. ScHArER (1908) and Brepi 
(1913, pp. 274—279). Brepu himself paid much attention to the lipides present in the adrenal 
cortex and attempted to characterize them after extraction and separation with organic 
solvents. However, he neither administered any of his fractions to adrenalectomized animals 
nor regarded them as secretory products (BreDL 1913, p. 292). 

The rich lipide content of the adrenal cortex led to theories that the adrenals might serve 
as a source of lipides for the body or the central nervous system (SHARPEY-SCHAFER 1924) or 
that, by virtue of the high lipide content, the gland was able to absorb and neutralize toxic 
products of metabolism (BonNnamouR 1902, quoted by Brept 1913). 

Efforts to obtain active extracts from the adrenal cortex continued to be generally unsuc- 
cessful until 1927, when Harrman et al. and Rocorr and SrewaRr simultaneously reported 
the preparation of extracts that were effective in prolonging the lives of adrenalectomized 
animals. Also in 1927 Ktux described an improvement in the muscle function of adrenal- 
ectomized guinea pigs following injection of a lipide-soluble extract of the adrenals. GoLp- 
ZIEHER (1928) prepared an extract, which he called “‘interrenin”’, by repeated extraction and 
precipitation from lipide solvents, after initial extraction of ground adrenal glands with dilute 
pysuablore acid. Unfortunately the activity of his material was not demonstrable beyond 

oubt. 

Rocorr and Stewart (1928b) were able to prolong life in adrenalectomized dogs for about 
10 days by daily intravenous administration of 0.5 to 1.0 ml of extracts of dog or sheep 
adrenals. The immediate results were less dramatic than those obtained with Ringer’s solution. 
Since they offered no details as to the means of preparation or the amount of gland represented 
by each ml of extract, the potency of the material cannot be evaluated. HARTMAN et al. 
(1928a, b) stated that one ml of ‘‘cortin”’ represented 0.2 g of beef adrenal cortex; this probably 
explains its ineffectiveness in animals with advanced symptoms of insufficiency and its inability 
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to protect against the stress of surgery or infection. In 1930 Harrman et al. improved the 
potency of their material by using diethyl ether as the solvent; with this extract adrenalecto- 
mized cats survived 80 to 207 days (as compared to 2- to 35-day survival times for untreated 
animals). The dose used was equivalent to 10 to 20 ¢ of fresh cortex daily, but more was 
needed in the presence of infection. 

A lipide extract, each ml of which represented 30g of fresh cortex, was prepared by 
PFIFFNER and SwINnGLeE (1929). This material caused considerable local irritation (SWINGLE 
and PFIFFNER 1930a), but an aqueous fraction made from the lipide extract was able to main- 
tain adrenalectomized cats in good condition for 100 days (SwrNGLE and PrirFNER 1930b) and 
was potent enough to revive moribund animals (SwINGLE and PrirFNER 1930c). 

Further purification led to extracts giving even better results in animals. Preparations 
which could be given intravenously (5 to 7 ml, 3 times daily) were able to restore cats in coma 
to normal activity, and as much as 32 ml could be given intravenously to a 2-kg cat without 
evoking evidence of toxicity (SWINGLE and PFirFNER 1931 a, b, PrrIFFNER and SWINGLE 1931). 
Oral administration was found effective in cats, although the dose required was substantially 
greater than that effective by the parenteral route (BRITTON and SitvErTE 1931b). 

Rocorr and Stewart (1929) were the first to treat patients having Addison’s disease with 
extract, which they gave in capsules by mouth although they had found the oral route in- 
effective in dogs and cats (G. Stewart and Rocorr 1929/30). RowNTREE and GREENE (1930) 
were able to carry a patient through 3 crises with the Swingle and Pfiffner extract; preparations 
which had been freed of epinephrine could be given intravenously in 20 to 50 ml doses. Further 
reports of experience in treating patients with adrenal insufficiency suggested that extracts had 
limited usefulness, as many symptoms persisted and patients often died despite administration 
of what were considered large amounts (ROWNTREE et al. 193la,b, Harrop et al. 1931a, 
Harrop and WerNsTEIN 1932). Harrman et al. (1932b) gave the equivalent of 1200 g of 


cortex daily to a patient in severe crisis and emphasized that the dose required in infection was 
much greater than that adequate for maintenance. 

Some of the disappointing results of treatment with extract and skepticism about its 
effectiveness were probably due to the rather large amounts needed in comparison to the 
relatively small weight of the adrenal glands. Brirron (1932) was vehement on this point, 
since cats, whose adrenals weighed only 100 mg per kg, needed the extract from 40 g to relieve 


symptoms of insufficiency. However, the endocrine nature of the adrenal cortex was now 
firmly established. 


D. Adrenocortical dependence on the anterior pituitary 


The earliest suggestion of an association between the adrenals and the pituitary 
was the observation by BENDER and Lert (1903) that in anencephalic fetuses the 
adrenals were very small; they thought the finding indicated dependence of the 
adrenal on the brain. Mryer (1912) also thought that adrenal atrophy in anen- 
cephaly was a result of malformation of the brain. Konn (1922), however, con- 
cluded that malformation of the anterior pituitary was the cause of poor devel- 
opment of the adrenals. 

Experimental work on pituitary: adrenal relationships was initiated by 
Ascott and LeGNnant (1912), who observed atrophy of the inner zones of the 
adrenal cortex in hypophysectomized dogs. P. Smira and Smrrx (1922, 1923) 
found atrophic adrenals in hypophysectomized tadpoles, and were able to restore 
the glands to normal size by injections of anterior pituitary extracts. P. SMITH 
(1927) made similar observations in the rat. ATWELL (1937) summarized some of 
this early work. (See also Chapter 1, Part 1 of this Volume). 

The effectiveness of ‘cortin” in repairing a defect resulting from hypophysec- 
tomy was noted by Barrp et al. (1933) in an investigation of decreased tolerance for 
cold in hypophysectomized rats. In 1932 Houssay et al. demonstrated that hy- 
pophysectomy abolished the glycosuria of partially pancreatectomized dogs. 
However, Houssay (1936) was not sure that this effect of hypophysectomy could 
be ascribed to adrenal insufficiency, since adrenalectomy was less effective than 
hypophysectomy in modifying diabetes. Lona and LuKens (1936) found that 
adrenalectomy did ameliorate experimental diabetes in cats, and suggested that 
hypophysectomy might be effective because of the consequent adrenal atrophy. 
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Lone (1937) demonstrated that anterior pituitary extract displayed no diabetogenic 
properties when given to adrenalectomized animals. Corny and Brrrron (1937), 
who used adrenalectomized-hypophysectomized rats, suggested that the adrenals 
are primarily concerned in the change in carbohydrate metabolism following 
hypophysectomy. 

The recognition of pituitary insufficiency in man was delayed, since pituitary 
lesions lead to such a variety of manifestations (BreDL 1913). A few years later 
atrophy of the thyroid, gonads and adrenals was described as associated with 
insufficiency of the anterior pituitary (Summonps 1918). Bauer (1935) clearly 
stated that atrophy of the adrenal cortex in Simmonds’ disease was a result of pituitary 
disease. 

In 1937 Incite and KEenpALt induced atrophy of the adrenals by giving cortical 
extract to intact rats. The chain of evidence linking these 2 glands was completed 
the following year, when Inetxz et al. (1938) proposed the working hypothesis that 
anterior pituitary secretion is regulated by an excess or deficiency of cortical 
hormone and thus is able to meet the physiological requirements of the organism. 

In 1940, Swann reviewed the progress made in defining the relationship 
between pituitary and adrenals. 


E. Signs of complete and partial adrenal insufficiency 


Clear demonstration that removal of the adrenal glands is incompatible with 
survival in experimental animals still did not dispose of the difficulty that the 
signs produced by adrenalectomy in animals do not bear much relationship to 
those seen in human beings afflicted with Addison’s disease. Sometimes the 
differences were attributed to the fact that the duration of the disease was much 
shorter in experimental animals, and NorHnaGEeL, Tissonr and others made 
unsuccessful attempts to induce chronic lesions in animals (see Brepu 1913, 
p. 138). OPPENHEIM and LoEPER tried unsuccessfully to reproduce the disease as 
seen in man by injecting cultures of tubercle bacilli (1903a) and extracts of tissues 
from people with tuberculosis (1903b) into the adrenal glands of rabbits. The 
efforts of LacassaGNE and Samssonow (1923) to induce partial insufficiency in 
rabbits by local irradiation demonstrated once again that destruction of the 
medulla is quite harmless; only those animals in which destruction of the cortex 
was achieved died. In 1932 Rogorr (1932a, 1944) undertook the production of 
chronic adrenal insufficiency in dogs and cats by the application of ligatures to 
the adrenal blood vessels. Sixty per cent of the animals developed anorexia, 
gastrointestinal upsets, neuromuscular and circulatory collapse. 

The ultimate establishment of the basic similarity between experimental and 
spontaneous adrenal insufficiency had to await the evolution of methods permitting 
detailed study of the alterations in function which follow adrenal insufficiency, 
regardless of its etiology, experimental or natural. 

As operative techniques improved so that animals survived longer after 
adrenalectomy, observations concerning its effects became more meaningful 
(Rocorr and Stewarr 1921, Harman et al. 1922). GrpELyr (1908/09) reported 
the presence of stomach ulcers in 2 of 13 rabbits and 3 of 11 dogs after bilateral 
adrenalectomy; he never observed ulcers in animals after unilateral adrenal- 
ectomy. These observations were confirmed by Finzi in 1913. T. Extrorr (1914/15) 
noted ulcers in cats that had survived 2-stage bilateral adrenalectomy for more 
than 6 days. He described the condition of these long-survivors as including 
weakness, decreased blood pressure, decreased body temperature unless artificial 
heat was supplied, and softness of the eye balls. 
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The biochemical findings of many investigators provided isolated bits of 
information. Decreased blood sugar concentration (PorGEs 1909/10), decreased 
liver glycogen content (Porcus 1910, ScHwarz 1910) and the amelioration of 
diabetic glycosuria (FROUIN 1908) were all noted after adrenalectomy. An increased 
concentration of red blood cells was found and ascribed to dehydration (GRapt- 
nescu 1913). T. Etxrorr (1914/15) found the blood pressure of adrenalectomized 
cats decreased. Other observations included elevated blood urea nitrogen (PoRAK 
and CHABANIER 1914), acidosis (ROWNTREE 1925, YonKMAN 1926), elevated 
plasma phosphate (Lucas 1926) and sulfate concentrations (SWINGLE and WENNER 
1927), decreased electrical conductivity of the blood (RoGorr and Stewart 
1926b), and elevated potassium and decreased sodium concentrations (BAUMANN 
and KurLanp 1927). 

Efforts to unravel the interrelationships of these abnormalities led to much 
speculation; the period from 1920 to the mid-1930s was exciting indeed. 

The disturbances of function which were under discussion at this time will be 
considered in separate categories of dehydration, renal function, acidosis, distribu- 
tion of electrolytes and water, and carbohydrate metabolism. 


I. Dehydration 


Dehydration and hemoconcentration were observed before modern biochemical 
tools were available. T. Etxrorr (1914/15) described decreased blood pressure and 
softness of the eyeballs in adrenalectomized cats. Both GrapinEscu (1913) and 
Lucas (1926) interpreted an increased number of red blood cells as a reflection of 
decreased plasma volume, possibly consequent to increased capillary permeability. 
The same suggestion was made by DonAtu (1914) as an explanation for increased 
blood concentration in adrenalectomized cats; he attributed their lowered blood 
pressure to loss of fluid from the blood. 

Brirron (1930) reasoned that fluid could not be lost because of increased 
capillary permeability, as no edema developed; he suggested that the anorexia of 
adrenalectomized animals might be the basis for their dehydration. 

The dehydration of adrenal insufficiency, with its accompanying hypotension 
and hemoconcentration, was recognized as being very similar to that occurring in 
vascular shock. SwINGLE et al. (1933) therefore attempted to account for the 
entire chain of events on the basis of loss of fluid from the circulation by transuda- 
tion through the capillary walls, with the increased osmotic pressure of the plasma, 
assumed to occur since plasma proteins were increased, being insufficient to draw 
fluid back into the circulation. The only difference they recognized between adrenal 
insufficiency and traumatic shock was the low blood sugar of adrenalectomized 
animals. This claim led to rather violent attacks by other investigators (BRITTON 
and SILVETTE 1933, FREEMAN 1933, CarreLi 1933). SwINGLE (1937) pointed out 
that the idea that dehydration was a consequence of altered renal function was 
untenable, since signs could develop and be relieved in anuric animals. 

An understanding of the genesis of dehydration in adrenal insufficiency was 
not achieved until electrolyte changes in the blood were understood (p. 37 ff.). 


II. Renal funetion 


The first substance found to be increased in the concentrated blood of adrenal- 
ectomized animals was urea nitrogen (PoRAK and CHABANIER 1914). This observa- 
tion was confirmed in 1916 by E. MarsHatt and Davis; in addition they observed 
diminished ability to excrete a test dose of creatinine or urea. Since adrenalecto- 
mized cats died before severe uremia had developed, MarsHaALL and Davis suggested 
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that renal failure might be secondary to low blood pressure or to the absence of a 
substance secreted by the adrenals. 

G. Srnwarr (1924), considering possible causes for the abrupt development of 
signs of deficiency in animals that had remained well for some days after adrenalec- 
tomy, proposed that a disruption of renal function might be responsible, with the 
kidney becoming unable to eliminate toxic substances. He regarded low blood pres- 
sure as purely a terminal phenomenon with no relationship to adrenal insufficiency. 
Elevation of blood urea nitrogen (BUN) and its decrease after the intravenous 
administration of fluids were described in patients by RowNnTREE (1925), who 
suggested that this finding was secondary to low blood pressure. Lucas (1926) 
emphasized that the rises in blood urea nitrogen and non-protein nitrogen were 
less than those observed after ligation of the ureters and probably were not the 
cause of death. Other observations taken as indications of impaired renal function 
were: decreased nitrogen excretion (Lucas 1926), relatively poor excretion of 
dye (YONKMAN 1928) and impaired excretion of a water load (ROWNTREE 
1925). 

Somewhat more detailed studies of renal function were made by SILVETTE and 
Brirron (1932), who tested the ability of adrenalectomized rats to excrete 
phenolsulfonphthalein. The difference between its excretion by intact animals 
(71% of the dose) and adrenalectomized ones (67%) may be regarded as negligible ; 
however there was a marked difference in the output of the administered water 
(83% in intact as compared to 35% in operated animals). GERSH and GROLLMAN 
(1939) examined the renal function of adrenalectomized rats, cats and dogs by 
administering ferrocyanide intravenously and examining the kidney for areas in 
which dye had been localized as an indication of the site and intensity of water 
reabsorption. Their findings indicated that an increased amount of water was 
reabsorbed in the descending limb of the loop of Henle in animals with moderate 
signs of adrenal insufficiency, while no fluid filtered through the glomerulus when 
the animal had been prostrate at the time of sacrifice. They expressed the opinion 
that any electrolyte changes in adrenalectomized animals were secondary to renal 
dysfunction, although no pathological alterations were observed in the kidneys. 
Harrison and Darrow (1939) made detailed studies of renal function in 2 dogs 
before and after adrenalectomy. Their investigation, carried out by determination 
of urea and creatinine clearances and measurements of rates of electrolyte excretion, 
established clearly that, after adrenalectomy, Na* reabsorption was decreased and 
K* and PO,?- reabsorption increased in relation to the concentrations of these 
substances in the plasma. Since the glomerular filtration rate (GFR) of intact dogs 
decreased when their Na* intake was restricted, it was suggested that the ab- 
normally low GFR after adrenalectomy was secondary in part to Na* depletion. 
Treatment with sodium salts resulted in only partial restoration of renal function, 
while the defect could be repaired entirely by the administration of adrenocortical 
extract. 

Tatporr et al. (1942) were unable to restore the reduced GFR of patients 
with adrenal insufficiency to normal by treatment with adrenal extract; it 
seems probable that the doses they used were too small. They found that 
the GFR was impaired much more than were other parameters of renal func- 
tion (such as renal blood flow, ability to concentrate the urine and to excrete 
phenolsulfonphthalein). Although there was considerable improvement in renal 
function when the patients were treated with deoxycorticosterone acetate, these 
authors suggested that multiple factors were probably involved, including 
decreased tone of efferent arterioles and structural changes in the kidneys. 
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Ill. Acidosis 


The results of investigations failed for some time to explain the relative acidosis 
characteristic of adrenocortical insufficiency, since its origin was at first sought in 
an accumulation of acid substances. ROWNTREE (1925) noted acidosis in patients 
with adrenal insufficiency, and administered sodium bicarbonate to combat it. In 
1926, YONKMAN found that the CO, content of the blood of adrenalectomized dogs 
was decreased, as was the pH. Swrnexn (1926/27) concluded that the high PO,3- 
concentration in the blood of adrenalectomized cats was an important factor in 
the development of uncompensated metabolic acidosis and that the rise was greater 
than could be accounted for by the degree of hemoconcentration. Unfortunately, 
little attention was paid to the slight decrease in Na* concentration found in the 
blood of 7 of 20 animals; few determinations of Na* were made “‘since the level of 
this substance is not known to vary greatly in any pathological condition.” 

In further studies of the acidosis of adrenalectomized cats (SWINGLE and 
EISENMAN 1926/27), total acid was found diminished, essentially because of 
decreased CO, (which could not be attributed to overventilation). The metabolic 
acidosis was considered to be due to an increase in unidentified organic acids since 
it could not be accounted for entirely by the increase in PO,?- and ketone bodies. 
The erroneous interpretation came about because an increase in total base cation 
was expected to occur as a compensation for acidosis. A decrease in total base was 
found in 3 animals, but this was thought to be a consequence of dehydration. 
Studies in dogs, from which larger blood samples could be obtained, demonstrated 
a marked increase in SO,?~ (to 12 mg%) as coma developed; however even the 
combined SO,?- and PO,3- was regarded as probably inadequate to account for the 
degree of acidosis (SWINGLE and WENNER 1927). Although they carried out careful 
studies of plasma cation concentration in adrenalectomized cats and rabbits, 
BauMANN and KuRLAND (1927), in considering acid-base balance, commented only 
that they found no evidence of alkalosis. 

The explanation of the relative acidosis in adrenal insufficiency awaited more 
detailed study of sodium and chloride metabolism. 


IV. Sodium and chloride metabolism 


In 1926 Rocorr and Stewart (1926b) found that the electrical conductivity 
of the blood of adrenalectomized animals was decreased, and commented that 
chloride must be lost in excess of water. Decreased blood Cl concentration in 
adrenalectomized dogs was reported by BantrneG and Gatrns (1926). Lucas (1926) 
suggested that the decrease in chloride concentration could be a consequence of 
PO,?- elevation. 

The acidosis of adrenal insufficiency, considered a sign of “‘intoxication,” 
remained unexplained until studies of sodium balance demonstrated that there was 
loss of base rather than accumulation of acid. In 1927 BAumANN and KURLAND 
found a definite decrease in Na* concentration in the plasma of adrenalectomized 
cats and rabbits. They found that intravenous administration of sodium salts 
prolonged life. Brrrron (1930) also mentioned decreased Na* and Cl concentra- 
tions in the blood, but did not connect these alterations with hemoconcentration 
and dehydration. . 

That the decrease of total base was entirely the result of decreased Na‘ was established 
by Loxs (1932) in studies of 3 patients with Addison’s disease. He was impressed 
by the improvement in a patient given 12—15 g of NaCl daily. The following year 
observations in an adrenalectomized dog (LorB 1933) showed that Na™ had been 
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lost by excretion in the urine, and it was clear that the benefit derived from 
treatment with NaCl was due to replacement of Na*. Further studies of patients 
with adrenal insufficiency showed that K* excretion did not accompany excess 
Na* excretion, although it did in other circumstances in which Na* was lost in 
the urine (Lozs et al. 1934). They demonstrated also that Na* excretion was not 
the consequence of acidosis, since there was no increase in the excretion of ammo- 
nium ion or in titratable acidity of the urine in a patient as acute signs of insuffi- 
ciency developed. Because of these findings they suggested that the kidney might 
be the locus of action of a sodium-regulating factor of the adrenal. In 1935, LoEB 
et al. summarized their observations on the relationship of dehydration and acidosis 
to low plasma Nat and Cl- in patients with adrenal insufficiency. Emphasis was 
placed on the fact that Na* loss was greater than that of either Cl’ or water. They 
found that daily treatment with 10 to 15 ml of the adrenocortical extract then 
available was less efficacious than the addition of NaCl to the diet. 


ZWwEMER (1934) also reviewed the evidence that the dehydration and acidosis 
of adrenal insufficiency was a consequence of loss of sodium; he was able to effect 
repair of the electrolyte disturbance in adrenalectomized cats with either sodium 
salts or adrenocortical extract. SwINGLE et al. (1934b) were unable to obtain 
satisfactory results in dogs unless extract was given in addition to salt. Probably 
excessive quantities of salt (1 to 2 g/kg) provoked the vomiting which occurred in 
these adrenalectomized dogs and were responsible for further losses of electrolytes 
and water. 


VY. Water distribution 


Sitverre and Brirron (1932) found that in adrenalectomized cats the water 
content of-muscle and liver was increased and that of the blood decreased. Similar 
results were obtained in rats, the analyses being done on samples of the ground 
carcass. They assumed that a shift of water into the tissues would lead to increased 
osmolarity in the blood and suggested that increased Cl” excretion might serve as 
a partial compensation. Later studies demonstrated decreased glycogen and Cl in 
tissue, and the proposal was made that increased tissue water was an osmotic 
consequence of decreased tissue glycogen (SILVETTE 1934, SILvETTE and Brirron 
1936). 


GILMAN (1934) discussed the necessity of a shift of water from extra- to intra- 
cellular space when Na* is lost from the extracellular fluid. He demonstrated that 
dogs that had lost Na* into the peritoneal space after intraperitoneal injection 
of glucose withstood hemorrhage as poorly as did adrenalectomized animals. 
Grim aN felt that renal retention of water would be necessary in order to reconstitute 
extracellular fluid volume and composition in adrenal insufficiency. SwINGLE et al. 
(1934a) made careful studies on adrenalectomized dogs allowed to develop severe 
insufficiency after the withdrawal of adrenal extract and then given large doses of 
extract (103 ml to a 12.1 kg dog) while food and fluid were withheld. It was evident 
that substantial recovery, accompanied by diuresis, occurred under these circum- 
stances, so that at least some of the water and salt missing from the circulation 
must have been present somewhere in the animals themselves. Harrop et al. (1935) 
confirmed repair of adrenal insufficiency in dogs treated with adrenal extract 
despite a negative balance for Na* and water during the first day of recovery. 
SWINGLE et al. (1936a) found that adrenal extract could alleviate the symptoms 
and restore the blood pressure of adrenalectomized dogs maintained on a diet low 
in NaCl. Increase of extracellular volume was reflected in a fall of urea nitrogen 
without a change in Na‘ concentration. 
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Despite the evidence cited above, GRoLLMAN (1936) stated that the water 
content of the tissues was not increased in adrenal insufficiency, but rather that 
osmotically active solutes were lost by damaged renal tubules. He apparently 
thought that no change in osmotic pressure occurred and commented: ‘“‘The view 
that the adrenal cortical hormone in some way controls ‘osmotic pressure’ is too 
fantastic to require comment.” 


VI. Potassium metabolism 


BAuMANN and Kuranp (1927) were the first to describe elevated K* (as well as 
decreased Na”) concentration in the plasma of adrenalectomized cats. They emphasized 
the marked alteration in the plasma Na*/K* ratio (20 in the normal and only 12 
in adrenalectomized animals). Hastrnes and CompEre (1931) found that the serum 
K* of dogs rose markedly (from 3 to 20 meq) 48 hours after adrenalectomy and 
suggested that hyperkalemia might be related to the cause of death. The occurrence 
of hyperkalemia in patients with Addison’s disease was recognized by Lors (1932, 
1933), at the same time that depression of Na* concentration and repair of the 
electrolyte abnormalities by administration of Na“ salts were noted. Los pointed 
out that hyperkalemia in the presence of hyponatremia was unique to this disease. 


ZWEMER (1934) and ZwEMER and TrusKkowskt (1936, 1937) placed great 
emphasis on the elevation of K*, believing that it induced Na* diuresis and hypo- 
glycemia. They were able to reproduce some of the signs of adrenal insufficiency 
by intraperitoneal administration of KCl to normal cats, and found that adrenal- 
ectomized cats were killed by one-fifth the dose tolerated by intact animals and 
that cortical extract could reduce induced hyperkalemia as well as that of adrenal 
insufficiency. The observation of increased K* excretion during the repair of 
adrenal insufficiency in dogs treated with adrenal extract was interpreted by 
Harrop et al. (1935) as possibly reflecting prior cellular damage and alteration in 
cellular permeability. Analysis of electrolyte distribution between serum and cells 
(Nitson 1937) showed an increase of K* in both compartments in adrenalectomized 
dogs when a crisis was induced either by a low Na* diet or by a gradual increase of 
K* supplement to a low Na‘ diet. 

While the idea grew that potassium might be the toxic factor so long thought 
to be present in adrenal insufficiency, INGLE et al. (1937) demonstrated that in 
adrenalectomized-nephrectomized rats plasma K* concentration could be reduced 
by administration of an adrenocortical extract. In animals in which muscle work 
was forced by faradic stimulation, death occurred at K* concentrations lower than 
those found in animals that were not stimulated (8.5 meq/l compared to 10.5 meq/l). 
Evidently the absolute concentration of potassium was not the only factor leading 
to death. 

ALLERs et al. (1936) found that K* was a toxic substance for adrenalectomized 
dogs, while WILDER et al. (1937) showed that patients with Addison’s disease 
excreted more Na* when K* intake was high. The detailed renal function studies 
carried out by Harrison and Darrow (1939) demonstrated that in adrenal 
insufficiency K* excretion by the kidney was low in relation to plasma concentra- 
tion. The maximal concentration of K* in the urine in relation to plasma was 10, 
while urine to plasma ratios as high as 75 were observed in normal fasting dogs 
given excess K*. 

Reviews by KEnpDALt (1937, 1948) and by SwineLE and Remineton (1944) 
summarize the development of understanding of changes in electrolyte distribution 
in adrenal insufficiency. 
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VII. Carbohydrate metabolism 
1. Hypoglycemia 


PorcEs (1909/10) first observed hypoglycemia in adrenalectomized dogs, 13 
hours after surgery, and in 3 patients thought to have adrenal insufficiency. He 
concluded that the low blood sugar was not a consequence of diminished blood 
pressure but that it probably resulted from damage to nerves rather than being a 
simple result of absence of the adrenals. Bartow and Exuis (1924) found signifi- 
cantly low blood sugars in adrenalectomized cats. G. Srewarr (1924) reported 
that the blood sugar of adrenalectomized cats, rabbits and dogs was not signifi- 
cantly different from that of intact animals. Although Rocorr and STEWART 
(1926b) found diminution of blood sugar in adrenalectomized animals, they 
regarded it as a terminal finding without significance. Bantine and GarRns (1926) 
also thought that the adrenal cortex played no direct role in carbohydrate metab- 
olism, since glucose prolonged the lives of their adrenalectomized dogs for only a 
few hours and since pancreatectomy following adrenalectomy led to an increase 
in blood sugar. 

Boaettp (1925) concluded that the hypoglycemia of adrenalectomized dogs must 
be attributed to absence of the cortex. Hypoglycemia was observed in patients with 
Addison’s disease (ROWNTREE 1925) and in adrenalectomized dogs (YONKMAN 
1926); YONKMAN believed that the anorexia and lassitude in adrenal insufficiency 
were related to low blood sugar as well as to acidosis. SWINGLE (1926/27) observed 
hypoglycemia in adrenalectomized cats, and regarded this as a pathological change 
distinct from “‘acid intoxication,’ which he considered to be the cause of death. 
His animals could be revived only temporarily by the administration of glucose; 
since he gave 10 units of insulin with the glucose he may have inadvertently 
caused death in hypoglycemia. That hypoglycemia also occurred in adrenalecto- 
mized rats was established by WyMAN and WALKER (1929), who chose this animal 
deliberately with the thought that the frequent occurrence of accessory adrenals 
would allow them to study chronic adrenal insufficiency. Their studies demonstra- 
ted that the cortex was of much greater importance than the medulla in maintain- 
ing blood sugar, since hypoglycemia was not observed in those animals with 
substantial cortical accessory tissue. The extent of knowledge in 1930 in regard to 
carbohydrate metabolism in adrenal insufficiency was summarized by Brirron. 

In 1934 ZweMER and SULLIVAN reported extensive experience with determina- 
tions of blood sugar in adrenalectomized cats. They found essentially no difference 
in the average blood sugar of intact cats and those from which one adrenal medulla, 
an entire adrenal, or an entire adrenal plus the other medulla had been removed 
(average 100 mg%), while in those totally adrenalectomized the blood sugar was 
diminished (average 78 mg%). These authors found that adrenocortical extract 
was able to elevate the blood sugar of adrenalectomized animals; its effect was of 
lesser magnitude but greater duration than that following injection of epinephrine. 
These observations established that the adrenal cortex plays an important role in 
carbohydrate metabolism. 


2. Liver glycogen 


In 1910 Scuwanrrz reported that the livers of adrenalectomized rats were almost 
entirely depleted of glycogen, and that a single feeding of glucose effected a 
partial restoration. PorcEs (1910) found low glycogen contents in the livers of 
adrenalectomized dogs whether they were fed meat or glucose prior to surgery. 
Kurryama (1918) thought the low liver glycogen of adrenalectomized rats, fed 
12 hours before sacrifice, reflected their general emaciation; he found the blood 
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sugars to be within the normal limits of variation. BorNsTEIN and HoRNEMANN 
(1923) attributed the decreased liver glycogen they found in adrenalectomized 
dogs to a disturbance in respiration. 

A relationship between hypoglycemia and the decreased liver glycogen was 
established by Corr and Cort (1926). They demonstrated that adrenalectomized 
rats could replenish liver glycogen, depleted by a 24 hour fast, from glucose 
administered by stomach tube. They suggested that new formation of carbohydrate 
from protein might be disturbed by adrenalectomy. Corry and Brirron (1937) 
observed that hypophysectomized rats, fed ad libitum, were able to maintain 
normal blood sugar and liver glycogen, while subsequent adrenalectomy led to a 
decline in both. Their results suggested to them that the changes in carbohydrate 
metabolism subsequent to hypophysectomy resulted principally from changes in 
the adrenals. RussELn and BENNerr (1937) demonstrated clearly that although 
hypophysectomized rats maintained normal blood sugar and liver and muscle 
glycogen when fed ad libitum, even an 8 hour fast led to a decrease in these values. 
Since hypophysectomized rats deposited less liver glycogen than intact animals 
when fasted after high carbohydrate feeding, it seemed clear that their rate of 
glucose utilization must have been greater. 


3. Effect of adrenals on glycosuria 


As early as 1908 Frovury observed that in dogs which had been partially 
adrenalectomized, subsequent removal of three-quarters of the pancreas led to 
much less severe glycosuria than was found in similarly semi-pancreatectomized 
dogs with intact adrenals. Since FROvuIN’s experimental animals survived pan- 
createctomy for 16 and 24 days his results are probably meaningful. 

The failure of phlorhizin to cause glycosuria in adrenalectomized dogs, and of 
epinephrine to cause glycosuria in patients with Addison’s disease was interpreted 
as a result of absence of the adrenal medulla (EPPINGER et al. 1909). RosENow and 
JAGGUTIS (1922) showed that epinephrine did not cause hyperglycemia in patients 
with adrenal insufficiency. 

In 1932 Hovussay et al. discovered that hypophysectomy abolished the 
diabetes of pancreatectomized dogs, and that glycosuria could be restored by the 
administration of anterior-lobe extract. Similar results were obtained for frogs and 
toads (Houssay et al. 1936). HarTMAN and BRowNnELL (1934) showed that the 
adrenal glands were essential for the occurrence of diabetes in pancreatectomized 
cats, but were puzzled by the failure of large amounts of “‘cortin” to restore 
glycosuria. LeLorr (1934) confirmed that total adrenalectomy led to modification 
of the intensity of pancreatic diabetes in dogs. Brrrron and SILVETTE (1937a) 
found that cats died within 24 hours of simultaneous adrenalectomy and pan- 
createctomy; when adrenalectomy was performed a week after pancreatectomy a 
50% decline in blood sugar was noted within 15 hours. 


4. Sensitivity to insulin 


SuNDBERG (1923) found that bilaterally adrenalectomized rabbits were much 
more sensitive to insulin than were those subjected to laparotomy alone; he inter- 
preted these results as indicative of the importance of the adrenal medulla because 
animals in which part of the adrenal was transplanted to the abdominal wall 
responded normally to insulin. Other reports of increased sensitivity of adrenal- 
ectomized dogs to insulin followed (J. Lewis and Macrnta 1925, Hatrion and 
Gaver 1925). Unverricut (1926) published a report about a young man with 
diabetes whose glycosuria disappeared and who began to have severe insulin 
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reactions. Even when his dose of insulin had been decreased from 40 to 5 U daily 
his blood sugar was found to be 38 mg %. The diagnosis of Addison’s disease, made 
on the basis of muscular weakness and fall of blood pressure from 125/50 to 90/50, 
was confirmed at autopsy. 


5. Role of adrenal cortex in carbohydrate metabolism 


In the period 1924—1940, there was considerable controversy about the 
relationship of the adrenal glands to carbohydrate metabolism. G. Stewart (1924) 
rejected as insignificant the observations of others that hypoglycemia and de- 
creased liver glycogen occurred in adrenalectomized animals, suggesting that poor 
surgery, short survival periods, or general debility might be the explanation. 
Similarly he dismissed the finding of diminution in the severity of diabetes when 
both pancreatectomy and adrenalectomy had been performed. The vehemence of 
his views was clearly related to the general feeling that epinephrine played the 
major role in carbohydrate metabolism, and he was determined to establish that 
the deterioration following adrenalectomy was due to loss of the cortex rather than 
to the loss of the medulla. KENDALL (1938) suggested that changes in carbohydrate 
metabolism were secondary to changes in the distribution of K™. 

Brirron and his co-workers were the strongest defenders of the viewpoint that 
the major abnormality in adrenal insufficiency was a disturbance in carbohydrate 
function. This concept was due in part to their studies on the opossum and marmot, 
in which plasma Na* and Cl both rise after adrenalectomy, while hypoglycemia 
occurs as in other species (BRITTON and SiLvEeTTE 1934, StILverrEe and Brirron 
1936, 1938). 

Lone (1937) could not accept the possibility that disturbed carbohydrate metab- 
olism was secondary to changes in electrolytes, since administration of adreno- 
cortical extract did not cause glycosuria to reappear in adrenalectomized-pancrea- 
tectomized rats. However, he found that diabetes could be restored in such animals 
by the implantation of adrenal tissue from young rats. He suggested that perhaps 
the dose of extract used was inadequate, or that the extract itself was incomplete. 
The increased availability of adrenocortical extract permitted further investigation 
of this point. Karzrn and Lone (1939) found a decrease in respiratory quotient 
from 0.86 to 0.78, accompanied by an increase in liver glycogen, in intact, fed rats 
that were given adrenal extract; the observations were interpreted as indicating 
decreased utilization of glucose. When extract was given to fasted animals (whether 
_ intact, hypophysectomized or adrenalectomized), increase in liver glycogen was 

accompanied by an increased rate of excretion of nitrogen in the urine, thus 
suggesting the formation of new carbohydrate from protein. 

The following year the same group of workers (Lone et al. 1940) offered a 
comprehensive discussion of the relationship of the adrenal cortex to carbohydrate 
metabolism and attempted to find an inclusive theory that could also explain disturbed 
electrolyte and water metabolism of adrenal insufficiency, since at that time it appeared 
that loss of one hormone was responsible for all the effects of adrenalectomy. Using 
fasted, adrenalectomized mice and rats maintained on sodium salts they demon- 
strated that the depression of blood sugar and loss of liver glycogen and finally of 
muscle glycogen could be repaired by the administration of glucose or by feeding. 
Moreover, nitrogen excretion was 25 % lower in fasting adrenalectomized rats than 
in fasting intact ones. An enormous increase in liver glycogen was found in intact 
animals treated with adrenocortical extract, dehydrocorticosterone or cortico- 
sterone. The source of the extra carbohydrate was identified as protein, since 
nitrogen excretion increased proportionally to the augmentation of blood glucose 
and liver glycogen. 
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Lone et al. also reported that in pancreatectomized, adrenalectomized rats, 
kept in good condition by increased NaCl intake, glycosuria was markedly 
diminished and could be increased by substituting for salt larger doses of adrenal 
extract or crystalline steroids than those necessary to maintain life. In hy- 
pophysectomized rats given adrenocortical hormones, similar new formation of 
glucose from protein was observed, but the increase in nitrogen excretion was 
greater and the deposition of glycogen less than in intact or adrenalectomized 
animals, indicating that a greater amount of glucose had been oxidized. 

In the absence of the adrenal glands, a diabetogenic anterior pituitary extract 
did not augment the glycosuria of pancreatectomized rats. In those experimental 
animals in which deoxycorticosterone or progesterone was used, no diabetogenic 
effect was seen, although the doses used were large enough for life-maintenance of 
adrenalectomized animals. The authors suggested the difference might be merely a 
quantitative one, since they believed that the hormone active in carbohydrate 
metabolism was the same as that for maintenance of electrolyte balance and life. 
The evidence that cortical hormones caused an increase in the carbohydrate 
content of the liver, blood or urine in all the experimental conditions studied, and 
an increase in urinary nitrogen, indicated their protein catabolic effect and suggest- 
ed that in any situation necessitating gluconeogenesis (such as fasting, pancreatec- 
tomy, exposure to cold, etc.) the adrenalectomized animal would demonstrate a 
fall in blood sugar. 

This synthesis did not really allow for inclusion of electrolyte and water metab- 
olism in the search for a common denominator. The explanation for this failure 
was shortly forthcoming, as it became clear that adrenocortical extract contained 
several compounds having different effects on electrolyte and carbohydrate metab- 
olism. 

THORN et al. (1940b) reviewed the situation with regard to carbohydrate 
metabolism in patients with Addison’s disease. The respiratory quotients of such 
patients were elevated by feeding a high carbohydrate diet or by the intravenous 
administration of glucose. Treatment with adrenocortical extract led to a marked 
increase in the proportion of calories derived from protein. The abnormal respiratory 
quotient and the tendency to fasting hypoglycemia were corrected by the adminis- 
tration of adrenocortical extract, corticosterone or cortisol. The only effect 
observed from deoxycorticosterone therapy was an improvement in the oral 
glucose tolerance test, although rebound hypoglycemia and collapse (probably 
related to decreased plasma concentration of Na‘) were still observed 2 to 3 hours 
after the administration of glucose intravenously. The difference was interpreted 
as an indication that, when deoxycorticosterone was given, glucose was more 
readily absorbed from the gastrointestinal tract. E. ANDERSON and HERRING 
(1940) observed improved glucose absorption and glycogen deposition in adrenal- 
ectomized rats treated with either NaCl or deoxycorticosterone. 


F. Replacement therapy 


When a potent adrenal extract became available, studies of its mode of action 
were undertaken by various investigators. Brirron and SitveTTE (1931a) 
expressed the opinion that the effect was entirely on carbohydrate metabolism, 
although in cats blood volume and non-protein nitrogen were restored to normal 
(Brrrron and Sriverre 1931b). They found that saline-treated animals died 
with low blood sugar and normal plasma electrolytes, while when extract was 
given without saline supplement, improvement was evident before an alteration 
in Na* and Cl concentrations occurred (BRITTON and SILVETTE 1937b). THORN et 
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al. (1937a, b) conducted balance studies in normal individuals and patients with 
Addison’s disease which demonstrated an effect of ‘‘cortin” on the urinary excre- 
tion of electrolytes. SwrNcLE (1937) emphasized that administration of extract 
to fasting and thirsting adrenalectomized dogs repaired their electrolyte disturb- 
ance. Harrison and Darrow (1939) demonstrated clearly that the glomerular 
filtration rate and reabsorption of Na* and K* were restored to normal within an 
hour after the administration of adrenocortical extract to adrenalectomized dogs. 

The argument concerning which of the various manifestations of adrenal 
insufficiency was of greatest importance began to be resolved as various crystalline 
components were separated from whole adrenocortical extract (KENDALL et al. 
1934, Kenpawet al. 1935, H. Mason et al. 1936a, b, REICHSTEIN and von Kuw 1938, 
REICHSTEIN and SHOPPEE 1943). It became evident that physiological actions 
could be separated into groups related to the chemical configuration of the 
compounds, and that no one compound corrected all of the disturbances found in 
adrenalectomized animals. 

INGLE (1940) showed that muscle efficiency was affected only by steroids which 
were oxygenated at C-11 (see p. 98). KENDALL (1937) reviewed the separation of 
compounds A (dehydrocorticosterone), B (corticosterone) and E (cortisone) from 
extracts of whole adrenal glands. Although he found that adrenalectomized dogs 
required larger amounts of cortisone (more than 7.5 mg daily) than of cortico- 
sterone (1.5 mg daily), no qualitative difference between the hormones was 
suggested. 

When deoxycorticosterone was isolated and synthesized (REICHSTEIN and von 
Evuw 1938), its usefulness in the treatment of adrenal insufficiency was established 
almost immediately (Levy-Smmpson 1938, CLeGHoRN et al. 1939, ZAHLER and 
Litzka 1939, THorN 1939, THORN et al. 1939b), as well as the fact that its action 
was essentially to cause the retention of Na* and excretion of K*, with a secondary 
restoration of plasma volume and blood pressure. The compound was essentially 
without effect on carbohydrate metabolism (THORN et al. 1940b, E. Gorpan 1940, 
CLEGHORN et al. 1941). 

In 1939 HARTMAN et al. described the separation from “‘cortin”’ of a factor that 
restored Na* concentration to normal. The sodium-retaining factor was thought to 
be different from either deoxycorticosterone or corticosterone because animals 
became refractory to it while continuing to respond to crystalline material (Harr- 
MAN and Spoor 1940, Harrman et al. 1940). Although the refractory state was 
apparently due to antigens present in relatively impure preparations, the potency 
of the sodium factor was clearly different from that of the extract from which it 
had been separated and was greater than that of corticosterone, being approxi- 
mately equivalent to that of deoxycorticosterone. 

Lone et al. (1940), in their masterful synthesis of the role of the adrenal cortex 
in carbohydrate metabolism, found that deoxycorticosterone, dehydrocortico- 
sterone and progesterone were essentially without effect on carbohydrate metab- 
olism. They thought this inactivity was probably related to the doses employed, 
although they offered the possibility that there might be some qualitative differences 
among the various compounds. B. WELLS (1940) showed that the glycosuria of 
adrenalectomized rats treated with phlorhizin was accentuated by corticosterone 
or cortisone, while deoxycorticosterone and the amorphous fraction remaining after 
separation of the known compounds were ineffective. 

B. Wetts and Kunpawu (1940) demonstrated a similar separation of effects 
with relation to induction of atrophy of the adrenal cortex and thymus in 
intact rats. KENDALL (1940, 1942) swmmarized the evidence for distinct separation 
of the activities of the 11-oxygenated corticosteroids (in gluconeogenesis and muscle 
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efficiency), the 11-deoxycorticosteroids (in electrolyte and water distribution) and 
the amorphous fraction (in renal function). The suggestion of a difference 
between the actions of deoxycorticosterone and the amorphous fraction, based 
largely on the much greater potency of the amorphous fraction, finally was 
resolved by the discovery of aldosterone (see Chapter 4, Part 1 of this Volume). 
However, even in 1944 it was remarked that the concept of a separate factor in- 
fluencing renal function no longer seems justified (SwINGLE and RemrnaTon 1944). 


G. Etiology, diagnosis and treatment of Addison’s disease 


The cause of adrenal insufficiency usually was reported to be tuberculosis, with a few 
instances of metastases to the glands, atrophy, or infections such as syphilis (LEWIN 1890/91). 
In addition, reports of hemorrhages into the adrenals began to appear (VOELCKER 1895, p. 279, 
Stitt 1898, A. Garrop and DryspaLe 1898, ANDREWES 1898, E. TaLBor 1900). These 
disasters occurred in young children following an acute illness, which often was associated with 
purpura (LirrLe 1901). R. WarERHousE (1911) and FrrpERIcHsEN (1917, 1918), whose names 
are attached to this syndrome, wrote about it some years after the first descriptions. Since no 
therapy was available at this time even for chronic adrenal insufficiency (or for infection), the 
relationship of damage to the adrenals to death from acute conditions could not be evaluated. 

Progress in the diagnosis of Addison’s disease was made only as advances were made in 
the understanding of adrenal function and the pathological physiology of adrenal insufficiency. 
Well into the twentieth century, physicians relied chiefly on the presence of characteristic 
pigment changes, combined with asthenia, weakness, and disturbances of digestion, and were 
able to verify the diagnosis only by postmortem examination. Later, roentgenographic evidence 
of adrenal calcification provided some help (RownTREE and SNELL 1931). 

Gradually, some laboratory support for the diagnosis became available; acidosis, elevated 
blood urea nitrogen, and hypoglycemia were found, especially when patients were in crisis. As 
tests for renal function became available, it was noted that the ability to excrete a water load 
was limited (ROWNTREE 1925). RowNTREE and Snetr (1931) found that administration of 
large amounts of water in tests of ability to excrete dilute urine might cause nausea and 
vomiting in patients with Addison’s disease. The ability to excrete a water load became a 
common test of adrenal function (F. Ropinson et al. 1941). 

In 1931 Rowntrer and SNELL suggested additional laboratory findings that might 
indicate Addison’s disease, although none is specific. These included the finding of low basal 
metabolic rate, relative lymphocytosis, increased viscosity of the blood, and decreased blood 
volume in crisis. They also recommended skin biopsies as an aid in the differential diagnosis of 
abnormalities of pigmentation. They found a tintometer helpful for following changes in skin 
color. 

As soon as adrenocortical extract became available, its use for diagnostic purposes became 
popular (as recommended by Hartman et al. 1932) and led to an admonition by Lorn (1935) 
that it not be used indiscriminately in small doses for all who were “‘weary and heavy laden.” 

The understanding of changes in distribution of fluid and electrolytes provided a basis for 
understanding the vulnerability of patients to further loss of water or of base, and allowed the 
development of one group of procedures for evaluating adrenal function. The use of a salt-free 
diet was advocated as a diagnostic aid. Harrop et al. (1933c) found that on such a diet a 
patient with Addison’s disease had a plasma Cl” of 81 meq/l and a urine Cl’ of 40 meq/l, while 
a normal person maintained a plasma chloride of 101 and excreted very little Cl . It soon 
became clear that sodium deprivation could result in severe or even fatal circulatory collapse 
(Kepcer 1935, Kure 1937, LirtenreLp 1938). CurLEr et al. (1938a, b) proposed a modifica- 
tion of the Na* restriction procedure which shortened the time required for the test but added 
to its danger. Potassium was added to the low Na* diet and the concentrations of Na”, K”, 
and Cl in plasma and urine were measured. The ability to excrete a water load of 20 ml/kg 
was tested when the electrolyte concentrations were measured. It was found that the least 
overlap between the results in normal individuals and those with adrenal insufficiency occurred 
in the excretion of Cl (high in the patients) and of water (low in the patients). GROLLMAN 
(1936) mentioned the occurrence of plasma Na‘/K* ratios of less than half normal when a 
crisis was impending. 

CuTLER et al. (1938a) and Harrop et al. (1933) felt that tests of carbohydrate metabolism 
were too nonspecific to be helpful. However, the insulin-sensitivity of patients with Addison’s 
disease and the small rise in blood glucose after a test dose of glucose, sometimes terminating 
in hypoglycemia, were used as diagnostic aids by some (FRASER et al. 1941b). 

Studies of steroid excretion in the urine were foreshadowed by the report of PrRLa and 
Marmorston-GorrEsMAN (1931) of a substance in the urine of normal individuals which 
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increased the resistance of adrenalectomized rats to histamine. GROLLMAN and Frror (1933), 
using a different method of extraction, also found a substance in urine which prolonged the 
lives of adrenalectomized rats. Cattow et al. (1940) described a chemical method for the 
measurement of 17-ketosteroids, androgens and estrogens in urine; the quantity excreted was 
decreased in patients with adrenal insufficiency. N. Tarzor et al. (1940) and FRASER et al. 
(1941 a) defined the limits to be expected in normal individuals. Assay of corticosteroid excre- 
tion by chemical means (N. Tasor et al. 1945, Huarp et al. 1946) or by bioassay (VENNING 
and Browne 1947) provided an additional diagnostic tool. 

When ACTH became available, the ability of the adrenal to respond to stimulation could 
be evaluated; this maneuver is especially reliable when increase in excretion of 17-ketosteroids 
or corticosteroids is used as the end point. (See p. 137ff.) 


H. Treatment of adrenal insufficiency 


Treatment, at first limited to general measures of diet and rest, was completely unsuccessful 
and the disease had to be regarded as uniformly fatal. The prognosis for patients in whom the 
diagnosis of Addison’s disease had been made was regarded as grave indeed, yet suggestions for 
therapy were offered. Emphasis was placed on bed rest during paroxysms and avoidance of 
mental and bodily excitement during remissions. The danger to the patient of even minor 
stresses was recognized in the strict injunction against giving drastic purgatives. 

Attempts at providing functional adrenal grafts were as unsuccessful in patients as in 
animals; the surgical procedure itself may have accelerated death in some instances. 

Adrenal transplants. JABOULAY (1897) had extremely poor results when he attempted to 
treat Addison’s disease with adrenal transplants; both his patients died within 24 hours. 
Transplantation experiments in animals had less disastrous results, but long-lasting function 
even of autotransplants was rarely achieved (Buscu et al. 1908, Brept 1913, H. Jarre and 
PuavsKa 1926, OLDBERG 1929/30). 

Adrenal tissue preparations. OSLER (1896/97) reasoned that extracts of the adrenal gland 
must be tried in therapy, since the disease was akin to myxedema in being due directly to loss 
of an internal secretion. Improvement of patients given hog adrenals, ground in glycerol, by 
mouth is difficult to interpret since many patients had tuberculosis and were benefited by 
bed-rest, good food and other nonspecific programs (W. JounstTon 1900). Other physicians 
(e. g., Kinnicur 1897) administered adrenal extracts by mouth on the premise that the 
adrenals either secreted or excreted active principles that served to destroy toxic substances in 
the circulation. Krynicut attributed his meager results (improvement in only 6 of 48 patients) 
to the fact that many of them had active tuberculosis. The large number of patients diagnosed 
as having Addison’s disease suggests that other ailments, which might not have responded 
even to the potent preparations available today, affected at least some of his patients. E.W. 
ADAMS (1903), in a review of 93 cases of Addison’s disease, expressed the opinion that 16 patients 
had been permanently improved by oral administration of adrenal material; no criteria for 
establishment of the diagnoses were included. 

Oral and rectal administration of dried adrenal glands and rectal or subcutaneous use of 
epinephrine remained the main “‘specific’”’ forms of therapy in Addison’s disease for some years. 
This program, called the Muirhead regime, had serious limitations in that rectal and gastric 
irritation often made it difficult for the patient to continue the medication (MurrHEAD 1921, 
RowntTREE 1922, RowntTREE 1925). In 1931 RowntREE and SNELL reviewed their extensive 
experience with this form of therapy, and emphasized that sudden worsening and death 
might follow such stresses as the administration of a cathartic, anti-syphilitic treatment or 
surgical intervention for the removal of a tuberculous organ. Although blood transfusions and 
infusions of glucose were given to seriously dehydrated patients who were in shock, most of 
them died once a real crisis developed. RowNTREE and SNELL felt that there was definite 
benefit from this program, but stated that ‘‘the limitations of the Muirhead treatment should 
be faced squarely.” A few patients survived for several years. 

Following the isolation of ascorbic acid from the adrenal cortex by SzenT-GyOrevi (1929) 
this substance was given to some patients with Addison’s disease and there were some opti- 
mistic reports of its helpfulness (ROWNTREE and SNELL 1931). 

The concept that accumulation of toxic substances was responsible for the symptoms of 
adrenal insufficiency provided the basis of the earliest attempts at therapy with fluids. It was 
no doubt fortuitous that Soppv (1898) used physiological saline to replace the blood he 
withdrew from adrenalectomized dogs, thinking the blood contained a toxic substance. 
Prolongation of the lives of adrenalectomized dogs by intravenous administration of Ringer’s 
solution was interpreted by G. Stewart and Rocorr (1925) as compatible with the idea that 
the treatment facilitated elimination of toxic substances via the intestinal mucosa. BANTING 
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and Garrns (1926) found that the elevated concentrations of blood urea nitrogen and non- 
protein nitrogen of adrenalectomized dogs could be restored to normal by administration of 
serum and ample saline solution. 

Corny (1926/27) administered a variety of solutions by stomach tube to 
adrenalectomized cats, because of their physical evidence of dehydration, and 
achieved prolongation of life especially with those mixtures containing sodium 
salts. The effectiveness of the various solutions cannot be compared easily since 
the volume and frequency of administration were not kept constant. Corry was 
undecided whether the effect was a temporary relief of dehydration or the induc- 
tion of a diuresis, which flushed toxic substances from the blood stream. SwINGLE 
(1926/27) thought the temporary revival induced by the administration of acacia, 
glucose or Ringer’s solution was the result of hemodilution. Martine and Bav- 
MANN (1927) were impressed by the effectiveness in adrenalectomized cats of 0.9% 
NaCl given intraperitoneally. Rocorr and Stewart documented prolongation of 
life of adrenalectomized dogs by intravenous injection of Ringer’s solution and 
continued to believe that success was due to washing out of poisons from the 
gastrointestinal mucosa (1926b) or adhering to the nervous system (1928a). 


Dietary treatment of adrenal insufficiency acquired a rational basis as soon as 
the basic disturbance in Na™ distribution had been recognized and definite 
prolongation of life of adrenalectomized animals had been achieved by administra- 
tion of sodium salts. Lozs (1933) first treated a patient with Addison’s disease 
with NaCl, given rectally and by mouth; the plasma electrolytes returned to 
normal. Further experience (LoEB 1935) showed that even administration of NaCl 
could be overdone, for one patient developed edema, only to become ill again when 
a salt-poor regimen was instituted. Rusrin and Kricx (1934) were able to keep 
adrenalectomized rats in good condition for months by providing drinking fluid 
containing NaCl (as well as small amounts of Ca?+, Mg?* and K*), while SwINGLE 
et al. (1934b) had only limited success with dogs given rather large doses of NaCl 
by mouth. Zwemer (1934) found that cats did well when part of the Na* was 
provided as NaHCO,. Treatment with added NaCl (Sneti 1934, KePLEeR 1935) or 
preferably NaCl and Na citrate (ALLERS 1935) was found very helpful in the 
management of patients with Addison’s disease. 

Curiously, the fact that an increased appetite for salt occurs in some patients 
with Addison’s disease was not recognized until after the beneficial effect of 
treatment with Na* became known. Rocorr (1932b) stated that “most patients 
with Addison’s disease crave spicy or sour foods, such as sauerkraut and pickles, 
and that these articles of diet are usually well tolerated” but did not comment on 
their Na* content. RicurER (1936), allowing rats access to both tap water and 
saline, found that after adrenalectomy the spontaneous intake of saline solutions 
was much increased. Studies on this subject were extended and confirmed (RicuH- 
TER 1941, 1942/43, W. CLark and CLausEN 1943). WiLKINS and RIcHTER (1940) 
found salt craving in a young child with adrenal insufficiency, and in 1942 THorN 
first mentioned that about 20% of patients with adrenal insufficiency develop a 
marked interest in eating salty foods. 

That adrenal insufficiency leads to increased sensitivity to K* was described 
for cats (ZwEMER and TruszKowsxKI 1936), dogs (ALLERs et al. 1936, MARENZI 
1938), and human beings (WiLDzER et al. 1937). These observations formed the 
basis for restricting the K* content of the diet while providing extra Na” (WILDER 
et al. 1936). Under such a regimen patients did quite well and did not require 
adrenal extract except when an infection or other stress occurred. ALLERS and 
CRANDALL (1936) found that adrenalectomized puppies could grow well on a low 
K*, high Na* diet, and Atumrs et al. (1936) were able to maintain adult dogs on a 
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similar program if they were not fasted, so that hypoglycemia did not develop. 
Swanw (1937) found poor weight gain in adult rats maintained on 74 mg of N ae 
and 44 mg of K* daily, although they were able to survive adrenalectomy for 
some time. This ration provided more K* in relation to Na* than the diet ALLERS 
and CRANDALL used in dogs (200 mg K*, and 8 to 20 g NaCl). Animals treated by 
dietary means alone maintained normal electrolytes and blood urea nitrogen, and 
normal blood sugar unless fasted, but had very poor resistance to stress of any 
kind, 

After the value of sodium salts in the treatment of adrenal insufficiency had 
been recognized, it was found that the dose of extract could be smaller if sodium 
salts were also used. When NaCl was added to a diet restricted in K*, and adrenal 
extract was given, the results were much better than with previous methods of 
therapy. Nevertheless it was difficult to provide adequate amounts of extract, and 
the maintenance of severely deficient patients remained a problem (LOEB 1935, 
C. GREEN 1937). 

Shortly after the effectiveness of deoxycorticosterone was demonstrated for 
treating acute and chronic adrenal insufficiency, the need to use it with caution 
became clear. Excess weight gain, edema, hypertension and cardiac failure were 
noted (PENTSCHEW 1939, FERREBEE et al. 1939, Hent 1939), and some unexpected 
deaths occurred (WILDER 1940). The occurrence of hypoglycemia in the course of 
deoxycorticosterone therapy was attributed by some to overdosage per se (EH. 
GorDAN 1940). However, KUHLMANN et al. (1939) showed that overdosage with 
deoxycorticosterone would lead to severe depletion of K* in normal dogs, and that 
addition of KCl to the regimen protected them from this toxic action. Their signs 
of muscle weakness and hypertension were similar to the findings in some patients 
receiving deoxycorticosterone. These observations were confirmed in adrenal- 
ectomized dogs (E. GorpAN 1940, RemrneTon et al. 1941). FERREBEE et al. 
(1941/42) demonstrated that, in intact dogs given deoxycorticosterone and a low 
K* diet, marked changes in muscle composition (decreased K* and elevated Na*) 
were associated with the development of paralysis and death. Darrow and 
MILLER (1942) produced necrosis of myocardial fibers in rats, cats and dogs 
treated with deoxycorticosterone: they suggested that a serum K* concentration 
of less than 3.5 meq/| should be regarded as dangerous. When deoxycorticosterone 
was given to patients with Addison’s disease, the low K* diet was shown to 
represent a hazard for them (WiLpER 1940, Tooxs et al. 1940), since K* depletion 
developed and Na‘ retention was greater when K* intake was restricted. 

Provision of deoxycorticosterone as pellets implanted subcutaneously was 
recommended by THORN et al. (1939a) and was found efficacious in dogs (BILL- 
MANN and GRATHWOHL 1940, Hmnt 1941). Since the oral route of administration 
was unsatisfactory even in doses 10 times greater than those required parenterally, 
E. ANDERSON et al. (1940b) proposed sublingual therapy, the drug being dissolved 
in propylene glycol and absorbed into the blood stream. The effectiveness of 
this mode of therapy was confirmed for human beings (THoRN et al. 1942) 
although it was not adequate for dogs (CLEGHORN et al. 1943), possibly because the 
animals swallowed the solution before it could be absorbed by the oral mucosa. 
EVERSOLE and Gaunt (1943) also found the oral route of administration to be of 
very little value and GRoLLMAN (1941) observed only slight benefit to young 
adrenalectomized rats given deoxycorticosterone mixed with dry food. 

Even with an appropriate dose of deoxycorticosterone, given by daily injection 
or provided by implantation of pellets, and with the addition of NaCl to the diet, 
patients with adrenal insufficiency continued to be subject to hypoglycemia (THORN 
et al. 1942) and to be vulnerable to crises in the course of infections (KEMPERER 1945) 
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It was pointed out by Witpmr (1940) and by Loz (1942) that cortisone was 
effective under these circumstances, as were corticosterone or whole adrenocortical 
extract. 

It was not until the usefulness of cortisone in rheumatoid arthritis was described 
(Hmnou et al. 1949) that cortisone was produced commercially in large enough 
quantities to allow it to be added to the routine treatment of patients with Addi- 
son’s disease; this treatment has improved the prognosis substantially (see 
p. 41ff.). Before deoxycorticosterone was available, 80% of the patients died 
within 3 years of the onset of adrenal insufficiency (TuorN 1944). Between 1938 
and 1948, this figure was reduced to 30%. 


Etiology of adrenocortical insufficiency 


A. Naturally occurring insufficiency in man 
I. Primary adrenal insufficiency 


Adrenal insufficiency may conveniently be described as either acute or chronic. 
Such a subdivision is to some extent artificial, since a chronic process leading to 
destruction of adrenal tissue may first become evident as a crisis in the course of 
an infection or other severe stress. Acute damage to the adrenal glands, moreover, 
may be the cause of subsequent chronic insufficiency. 


1. Acute adrenal insufficiency 


a) Hemorrhage and severe infection 


Acute destruction of the adrenal glands is most commonly due to hemorrhage 
and is found especially in patients who have died of an overwhelming infection. 
The term ‘“Waterhouse-Friderichsen syndrome’’ is reserved by some for the 
association of adrenal hemorrhage with meningococcal septicemia; the same 
situation may be found in individuals who have died with septicemia due to other 
organisms, however. Descriptions of this condition are rather frequent (AEGERTER 
1936, MartLaAnpd 1944, FrrpERICHSEN 1955). (See p. 45 for early reports.) It is 
difficult to prove that death was caused by involvement of the adrenals by 
hemorrhage or by pseudotubular degeneration of the cortical tissue (RicH 1944). 
The few measurements of plasma electrolytes or blood sugar which have been 
reported do not provide clear evidence of adrenal insufficiency (NITSCHKE and 
KRATSCHELL 1938, STENGER 1939, Coserirr 1944, D’Acatr and MARANGONI 1945). 
CoserirF (1944) has expressed the opinion that sepsis rather than adrenal in- 
sufficiency is the major problem. H. Wi11AMs (1942) summarized the findings in 
38 patients who had meningococcemia. In 17 the illness followed a fulminating 
course, and in 9 of these bilateral adrenal hemorrhage was found. There were no 
differences in the clinical findings between these 9 and the other 8 patients; in all 
there was severe circulatory collapse and hyperpyrexia, with death occurring 5 to 
36 hours after the onset of symptoms. Similarly, it cannot be assumed that a 
patient who survived did so because of substitution therapy. Rucks and Hopson 
(1943) claimed success in a patient who received adrenal extract in addition to 
intravenous fluids, blood and sulfathiazole. The dose they used (5 ml of adreno- 
cortical extract every 6 hours) seems grossly inadequate to have accomplished this 
result. Since their patient had already survived for 36 hours before the extract was 
given, it seems likely that the fortunate outcome should be attributed to the other 
treatment he received. In one patient, M. Smrrx (1945) observed rising blood con- 
centrations of nonprotein nitrogen (from 36 to 72 mg%) and K* (4.7 to 7.9 meq/I) 
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as CO,-combining power dropped from 40 to 35 volumes per cent; the patient 
recovered from shock and infection following the use of adrenocortical extract as 
well as antibiotics and intravenous fluids. D. Wricut and Reppert (1946) empha- 
sized the importance of treatment for shock and infection in the recovery of 4 
adult patients who were given deoxycorticosterone acetate and adrenal extract 
as additional therapy. 

That adrenal insufficiency does occur in severe bacterial infection cannot be 
regarded as established (SPINK 1960). But the use of adrenal extract or cortisol 
in addition to antibiotics, fluid and blood is probably not unreasonable so long as 
the specific measures to combat infection and shock are given priority in the insti- 
tution of therapy. See also section e (page 51) on adrenal insufficiency in shock. 


b) Hemorrhage without obvious infection 


Adrenal hemorrhage in the newborn may follow a difficult delivery or strenuous 
efforts at resuscitation (CORCORAN and Srrauss 1924, SNELLING and Erp 1935, 
E. Hatyi and HemKEN 1936, Stevens and Tomsykosx1 1954). In many instances 
the hemorrhage is unilateral and presents either as a surgical emergency or con- 
cealed bleeding. 

Hemorrhage and necrosis of the adrenals is an occasional complication of 
pregnancy or delivery (CRAWFORD 1951). PLotz (1953) ascribed about 4% of 
obstetrical deaths to this cause. 

Trauma (SCHRADER 1929, Gurrman 1930) or severe burns (WEISKOTTEN 1917, 
SNELLING and ERB 1935) have been given as the cause of bilateral adrenal hemor- 
rhage. MANDELSTAM et al. (1958) reported the occurrence of an episode of acute 
adrenal insufficiency 45 days after a severe burn, and postulated that adrenal 
dysfunction persisted, since the patient showed no response to ACTH although he 
had no symptoms of adrenal insufficiency. No convincing evidence of adrenal 
insufficiency was presented in any of these instances. 


c) “Idiopathic” adrenal hemorrhage; reactions to ACTH 


Bilateral adrenal hemorrhage, without evident precipitating factors, was 
described by PEARL and BRuNN (1928) and by N. MacLzan and IRonstpz (1958); 
in each instance the first symptom was severe abdominal pain. CHoKas (1958) 
reviewed instances of adrenal hemorrhage occurring in patients receiving anti- 
coagulant therapy. 

Hemorrhage has been described in patients who were receiving ACTH for 
ulcerative colitis (Wimson and Rots 1953), hypertension (GREENE 1953) or 
gastrointestinal bleeding which followed administration of heparin (MooLTEN 
1957). Although the relationship between the administration of ACTH and the 
hemorrhagic lesion of the adrenal is not established, it is worth noting that IneLe 
(1951) induced adrenal hemorrhage in rats by the prolonged administration of 
ACTH. Wirzur and Ricx (1953) also found that ACTH could lead to anatomical 
damage to the adrenal cortex in rats. 

It seems possible that hemorrhage of the adrenals under circumstances of 
severe physiological stress may be a consequence of excessivestimulation from the 
pituitary. (See also Part 1, Chapter 1, p. 129ff. and p. 63 of this Chapter.) 


d) Bilateral thrombosis 


Hrrscu and Capps (1927) described a patient who died in convulsions and who 
was found to have thrombosis of the inferior vena cava and of both adrenal veins. 
K. Hatt and HemKeEn (1936) mentioned the development of thrombi in the 
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adrenal veins in patients with pneumonia and with tonsillitis. Gurrman (1930) 
gave venous thrombosis as the cause of the adrenal insufficiency in 3 of 402 
patients, and arterial embolus in one. Necrosis of the adrenals and hemorrhagic 
infarction of the kidneys were found in a man who developed anuria after trans- 
lumbar aortography (CrccaNnrexxt et al. 1958); the authors felt that adrenal 
insufficiency was a factor in the patient’s death. 


e) Shock 


Adrenal insufficiency has been considered as a factor in shock, and substitution 
therapy recommended without adequate evidence that such therapy is appropriate. 
RaBrnovicr (1951) subjected rats to irreversible hemorrhagic shock and found 
that there was extensive hemorrhage of the adrenal cortex although its lipide 
content was normal; he suggested that ischemia might prevent release of hormones 
in the gland. FRanxK (1953) indicated that hormonal therapy was ineffective in 
shock which did not respond to blood transfusions. FRANKSSON et al. (1954) found 
that the plasma corticoid concentration in patients in surgical shock was even 
higher than that observed in individuals after uncomplicated surgical procedures. 
MELBy et al. (1957) and Me.zy and Sprnk (1958) studied patients in shock due to 
infection, and found that plasma corticoid concentrations, which were already 
elevated, rose even further when ACTH was given. Thus there is little reason to 
invoke adrenal insufficiency or inability to respond to ACTH in shock. 


2. Chronic adrenal insufficiency 


The relative incidence of etiological factors has changed considerably since 
Addison’s time, when the most common cause of adrenal insufficiency was tuber- 
culosis of both adrenal glands, with an occasional instance of atrophy or of 
involvement of the adrenals by metastatic tumors. 


a) Atrophy 

In most cases no basis for atrophy of the adrenals can be found. BARKER (1929) 
reported 3 cases of atrophy among 28 patients with Addison’s disease. BRENNER 
(1928) summarized 42 patients who died of Addison’s disease; in 5 the adrenals 
were atrophic and in one no adrenal glands could be found. H. WeEtts (1930) 
reported 6 instances of atrophic adrenals and suggested it be called “‘cytotoxic 
suprarenal contraction.” He described infiltration with lymphocytes and comment- 
ed that there was even more infiltration in the thyroid than in the adrenals. 
GuTTMAN (1930) found a 16% incidence of atrophy among 402 autopsy reports on 
Addisonians. Durr and BrrnstErn (1933) published 5 instances of atrophy, with 
lymphocytic infiltration of the adrenal and thyroid glands. J. CLARK and Rown- 
TREE (1934), in a review of 25,000 autopsies, found lesions of the adrenals described 
in 3%. Atrophy of the adrenal cortex occurred in 7 instances, and in one patient 
there had been symptoms of adrenal insufficiency. E. Hatt and HEMKEN (1936) 
found atrophy as common as tuberculous involvement of the adrenals (5 cases of 
each among 15 individuals). SNELx (1935) commented that the incidence of atrophy 
seemed to be increasing, and suggested that improved therapy allowed more 
patients with tuberculosis to survive, since they usually had some remnants of 
functioning cortical tissue. Durrry (1943) reported necrosis or atrophy in 7 of 
17 instances of adrenal insufficiency. O’ DONNELL (1950) reviewed 9000 autopsies 
from 1928; among these there were 18 cases of Addison’s disease, in only 6 of 
which were the adrenal glands atrophic. Storer (1955) summarized the pathology 
of Addison’s disease as seen at the London Hospital between 1912 and 1951. He 
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reported atrophy of the adrenals in 15 patients; the average weight of the two 
glands was 2.7g, the range being 1.9—4.6 (normal 10-15 g, Bourne 1961). 
Lapuart (1957) found 4 instances of atrophy as compared to 8 of adrenal tuber- 
culosis. 

Hap.ow (1953) reported 3 instances of spontaneous adrenal atrophy in dogs; 
in 2 there was lymphocytic infiltration of the cortical remnants and 2 also had 
small peptic ulcers. 

Adrenal atrophy has also been described as part of a pluriglandular syndrome 
under circumstances ruling out the possibility of primary pituitary disease. ATRIA 
et al. (1948) reported adrenal atrophy in a patient with Turner’s syndrome who 
died in shock following an appendectomy. 

The combination of hypothyroidism and adrenal insufficiency was described by 
BERNSTEIN (1948) in a patient with diabetes mellitus. SrarLAND and LERMAN 
(1950) described diminished adrenal function in 43 patients with myxedema; one 
appeared to have Addison’s disease as well as hypothyroidism. BLoopwortu et al. 
(1954) reviewed 35 patients in whom adrenal insufficiency was associated with 
hypothyroidism; autopsy examination in 12 showed atrophy of the adrenals in 
9 and tuberculosis of the glands in 3. Definite lesions of the thyroid gland were 
found in 8 of the 12. The paper of PauLi and Puriures (1954) suggests that the 
adrenal insufficiency of hypothyroidism may be functional rather than anatomical, 
since adrenal function became normal on thyroid replacement therapy. 

The combination of thyrotoxicosis and adrenal insufficiency has been discussed 
by Rupr and Pascuxis (1957) as well as by THoRN (1951). This combination is 
apparently unusual. 

Adrenal insufficiency occasionally develops in patients with idiopathic hypopara- 
thyroidism (LEONARD 1946, PapapaTos and KLEIN 1954, PERLMUTTER et al. 1956). 

Crate et al. (1955) and WuiTakER et al. (1956) have reviewed the condition of 
adrenal atrophy associated with superficial moniliasis, which occurs especially in 
children. Adrenal insufficiency or hypoparathyroidism, or both, may develop many 
years after the first manifestations of steatorrhea and of moniliasis involving the 
oral mucosa and nails; there is a definite tendency for this syndrome to be familial 
(MorsE et al. 1961). These authors suggested that the syndrome might be a 
variant of mucoviscidosis. Although the role of the monilia infection (usually 
Monilia albicans) is not known, it appears possible that a cytotoxic factor leads 
to atrophy of the adrenal cortex or parathyroids. No monilia organisms have 
ever been cultured from the involved endocrine organs. Cratc et al. (1955), who 
reviewed previous reports, pointed out the frequent occurrence of liver damage in 
children dying of this disease and suggested a positive correlation with hepatitis. 
There is frequently marked lymphocytic infiltration of many organs, including 
the adrenal cortices. 

The association of adrenal atrophy and diffuse cerebral sclerosis, which occurs 
especially in young males, has recently been reviewed by HonFNacEt et al. (1962). 
Earlier reports include those of StEMERLING and CREUTZFELDT (1923) and Gagnon 
and Lesianc (1959). Addison’s disease associated with spastic paraplegia may also 
be familial (HarrRis-JonEs and Nixon 1955, Penman 1960); the onset is usually in 
adult life, rather than in childhood. Reports of familial Addison’s disease without 
known neurological complications are reviewed by Harris-JoNES and Nixon 
(1955) and by Muaxin et al. (1959). (See also lipoid hyperplasia, p. 54.) 


b) Tuberculosis 


The incidence of tuberculosis as a cause for adrenal insufficiency has declined 
substantially and may be expected to decrease further as therapy for tuberculosis 
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becomes increasingly effective. Whereas the incidence of tuberculosis in Addi- 
sonians was at one time as high as 70 to 80% (Barker 1929, Gurrman 1930, 
Jaubon 1946b) it now appears to be between 40 and 60% (O’DonneELt 1950, 
Lasyart 1957). The figures differ, of course, in various parts of the world in 
relation to the frequency of tuberculosis in the population. 


c) Other infections 


WEINER (1936) described a patient whose adrenals were small (2 and 4 g); the 
small amount of cortex contained many large cells, some with 2 or 3 nuclei and 
acidophilic nuclear inclusions suggestive of a viral infection. No such inclusion 
bodies were found in other tissues. Gurrman (1930) mentioned 2 instances of 
pyogenic infection of the adrenals and ZotoTaREvA and Gissrmya (1956) ascribed 
adrenal insufficiency to chronic suppuration consequent to asymptomatic suppura- 
tive endometritis following an abortion. 

Other specific organisms have been implicated in the production of adreno- 
cortical insufficiency. Histoplasmosis was given as the cause of one case of adrenal 
insufficiency by O’DoNNELL (1950). Four cases with this disease were reported by 
CRISPELL et al. (1956); postmortem evidence for histoplasmosis of the adrenal was 
definite in one patient, while in the others the diagnosis was based on the occurrence 
of adrenal insufficiency associated with pulmonary histoplasmosis. MALONEY (1952) 
reported 2 patients with Addison’s disease due to chronic disseminated coccidiomy- 
cosis. GUTTMAN (1930) listed one instance of syphilis involving the adrenal glands. 
RickKaRpDs and Barrett (1954) cited a variety of inflammatory processes in the 
adrenals including giant-cell granuloma (without identification of the organism), 
coccidiomycosis, torulosis, moniliasis and syphilis!. 


d) Infiltrations 


Amyloid apparently is the most common substance infiltrating the adrenal 
glands. In some instances there has been recognizable cause for amyloidosis, such 
as tuberculosis. McCuTcHEon (1922) described one patient, as did HUNTER and 
Rusu (1926/27). Puitporr (1927/28) described another patient and mentioned that 
adrenal involvement in generalized amyloidosis is rare, having occurred to some 
extent in only 9 of 118 patients. Gurrman (1930) attributed adrenal insufficiency 
to this cause in 7 of his 402 cases. O’ DONNELL (1950) accepted adrenal insufficiency 
as the cause of death in only 3 of 29 patients in whom amyloidosis involved the 
adrenals. The case reported by SNAPPER and Cu’IN (1940) is difficult to accept as 
proved. Levinson et al. (1947) gave chemical evidence of adrenal insufficiency in a 
patient who had generalized amyloidosis following severe thermal burns. In this 
patient, as well as in many of the others reported, the amyloid infiltration was 
most pronounced in the inner layers of the cortex. 


1 J. K. FrenKEL, whose studies on intracellular infection of adrenocortical cells by micro- 
organisms were cited in Chapter 1, Part 1, p. 132 and p. 141, has published further experimental 
studies, as well as two reviews (1960a, b, 1961). These make clear that intracellular infection by 
various bacteria, fungi and protozoans is enhanced by corticoids only when resistance has 
previously been developed. In other words, the glucocorticoids here cause a reversal of the 
immune state, as elsewhere in the body (see also Chapter 7, p. 16). In viral infections where 
immunity does not appear to depend on antibodies, there is no tendency for adrenal infection. 

In his 1960(b) review, FRENKEL gives the following therapeutic advice: Patients with 
active adrenal infection should receive exogenous hormone treatment to suppress ACTH 
output and hence depress local cortisol synthesis. Since most available glucocorticoids have a 
direct stimulatory effect on the adrenal infection when given in doses that depress ACTH 
output, as much mineralocorticoid (deoxycorticosterone; 2-methyl-9«-fluorocortisol) as 
possible should be used to reduce the amount of exogenous glucocorticoid required. Some weak 
glucocorticoids, such as corticosterone, also serve to depress ACTH output more than to 
enhance the intracellular infection. SU 4885 may also prove useful. — H. W. DEANE. 
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Hemochromatosis involving the adrenal cortex has been described in one case 
(Clinicopathologic Conference 1950); the portion of the cortex which looked normal 
may not have been adequate for life. 


e) Metastases 


Although the possibility that metastases to the adrenal gland can be so 
extensive as to lead to adrenal insufficiency has been subject to considerable doubt, 
in some instances this etiology seems to be well established. GLomsrT (1938) 
reviewed the autopsy findings in 445 patients who had malignancies with metas- 
tases. In 110 cases (13°) there were metastases in one or both adrenal glands, but 
in no instance had symptoms of adrenal insufficiency been recognized. BULLOCK 
and Hirst (1953) described 224 instances of adrenal metastases among 2,833 cases 
of carcinoma but did not comment on their functional implications. BLack (1926) 
reported bilateral endothelioma of the adrenals with metastases to the lungs and 
pleura and Cawaptas (1946) described bilateral adrenal tumor with metastases to 
the kidney; in both instances it seems possible that the adrenal lesions were 
secondary rather than primary. BuTTeRFLY et al. (1952) and WaxiacH and 
SCHARFMAN (1952) each reported one clear instance of adrenal insufficiency due to 
metastases from bronchiogenic carcinoma; and metastases from a hepatoma 
(Case Records Massachusetts General Hospital 1953) and gastric carcinoma (LEARY 
and Masters 1957) have also been described. 


f) LInpoid hyperplasia 

PRADER and GuRTNER (1955) described marked adrenal hypertrophy with con- 
spicuous quantities of lipide in the cells, in an infant who died with symptoms of adre- 
nal insufficiency. In this instance the child, who appeared to be a girl, excreted nor- 
mal amounts of 17-ketosteroids and was found to have bilateral inguinal testes. This 
syndrome differs from virilizing congenital adrenal hyperplasia, which can be con- 
sidered as overactivity of the cortex and will be discussed in Part 3 of this Volume. 
Since 1955 a total of 6 instances of adrenal insufficiency with lipoid hyperplasia 
of the adrenals have been described from Switzerland (summarized by PRADER and 
SIEBENMANN 1957); 3 of the children were girls, and 3 were male pseudohermaph- 
rodites. There is a suggestion that the disorder may be genetically determined, 
as there was consanguinity in 2 of the families with affected children. The authors 
have suggested that there may be an enzymatic disturbance interfering with the 
synthesis of adrenal steroids leading to accumulation of cholesterol and inter- 
mediate hormone precursors in the cortical cells. The pathology has been described 
in detail by SIEBENMANN (1957) (see also Chapter 1). Sanptson (1955) reported 
“lipoidosis” of the adrenal cortex in a girl who died at 3 months of age; no informa- 
tion on adrenal function was available. An additional case report and a good 
discussion of the syndrome can be found in Doom (1956/57). 

The association of male pscudohermaphroditism, adrenal hyperplasia and 
scanty sexual hair in an adult was described by Hmatey and Guy (1931). This 
syndrome may represent a form of lipoid hyperplasia of the adrenals. (See also 
pseudo-adrenal insufficiency, p. 57.) 


g) Calcification 
MARINE (1926) described the finding of calcification of the adrenals in 64 of 
257 cats. The abnormality was most marked in the zona fasciculata; he believed 
the lesion might be a consequence of distemper, and said that, when severe, the 
signs were similar to those seen after adrenalectomy. In some instances of adrenal 
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insufficiency in man, the presence of calcification may justify the suspicion that 
previous hemorrhage was the underlying disorder (Victor 1921, Arrra et al. 1948). 
This possibility finds support in the observation of SNELLING and ERB (1935) that 
the adrenals may calcify within 8 to 10 days after trauma or hemorrhage. GARDNER 
(1957) observed radiological evidence of calcification in 2 children, one of whom 
definitely suffered trauma during delivery. All these patients manifested adrenal 
insufficiency. 
h) Cystic degeneration 


This pathological finding may also be the result of trauma and hemorrhage at 
delivery. F. Moorr and Cermak (1950) found cystic adrenals in an infant who 
died despite temporary improvement following treatment for adrenal insufficiency. 


1) Aplasia 
Aplasia of the adrenal glands has been occasionally reported, but seems doubt- 
ful. For example, this diagnosis seems highly unlikely in a patient who had survived 
into adult life in apparent good health (CRosBy 1930). 


}) Vascular lesions 


SILBERMAN et al. (1950) described a patient with thromboangitis obliterans who 
had adrenal insufficiency which improved; after death he was found to have small 
scarred adrenals in which many vessels had been thrombosed and recanalized. It 
also seems possible that the small adrenals found in a patient whose adrenals had 
been denervated because of recurrent duodenal ulcer should be ascribed to inter- 
ference with their blood supply (SNELL et al. 1936). 


k) Pemphigus 
There have been some suggestions that patients with acute pemphigus may 
suffer from adrenal insufficiency. The detailed study of TaLBorr et al. (1940) does 
not provide evidence to this effect; rather it indicates that a disturbed electrolyte 
equilibrium results in those patients whose skin lesions are exudative. 


If. Secondary adrenal insufficiency 


The early observations on the relationship between the anterior pituitary and 
adrenal cortex have already been discussed (see p. 33). In man, spontaneous 
adrenal insufficiency as a consequence of inadequate secretion of ACTH is most 
frequently associated with a destructive lesion of the pituitary and occasionally 
with failure of development of the pituitary gland. Reviews by EscamiLia and 
LissER (1942), Perkins and RYNEARSON (1952) and van BucHEM (1955) give some 
idea of the varieties of disturbed pituitary function. In the past decade, however, 
treatment with corticosteroids has become the most common cause of inadequate 
secretion of ACTH. 


1. Abnormalities in pituitary development 


BENDER and Lerti (1903), Mnynr (1912) and Koun (1922) described the adrenal 
cortex as small in anencephalic fetuses; Kon (1922) suggested that the difficulty 
might lie in the absence of neurohypophysial and cerebral connections to the 
anterior pituitary. CosmErTatTos (1920) described adrenal atrophy in a hydro- 
cephalic infant who died at one day of age, and EpMonps (1950) found small adrenals 
in fetuses with cyclopia. 

Deficiency in weight of the adrenal glands is frequently associated with absence 
of the fetal cortex at an age when substantial remnants should still be found (Dna- 
MER and SInvER 1950, Geprert et al. 1950, PRovenzANO 1950, WELSH and MEHLIN 
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1954, A. WittraMs and Roprnson 1956). ANGEVINE (1938) analyzed the findings 
in 18 anencephalic infants, and pointed out that the adrenals were smallest in the 
heaviest fetuses, which suggests that atrophy occurred in the latter part of gesta- 
tion. BENIRSCHKE et al. (1956) emphasized that the weight deficit of the adrenals is 
due to atrophy of the fetal cortex beginning at about the 20th week of gestation. 
They suggested that the underlying factor may be maldevelopment of the hypo- 
thalamus, as adrenal atrophy was noted in hydrocephalic as well as in anencephalic 
fetuses. Whether there is a functional deficiency in such adrenals has not been 
determined, since the cerebral anomaly is not compatible with life. J. NicHots et al. 
(1958) found that plasma corticoid concentrations in such fetuses at term were not 
different from those of normal newborn infants although the plasma content of 
17-ketosteroids was extremely low, suggesting that the adrenals may have been 
underactive. 

Adrenal hypoplasia associated with agenesis or hypoplasia of the pituitary may 
occur without other obvious malformations of the central nervous system. BLiz- 
ZARD and ALBERTS (1956) described an infant in whom no trace of a pituitary gland 
could be found; the adrenals were very small (combined weight less than 1 g) and 
entirely without fetal cortex. Mostmr (1956) reported the association of hypoplasia 
of the pituitary and the adrenals in an infant who died in the neonatal period; 
Rerp (1960) reported an instance of congenital absence of the pituitary gland and 
also discussed cases reported by others. On the other hand, HarLemM and MyHRE 
(1957) described a boy who died at 31 days of age; the hypoplastic adrenals con- 
sisted of fetal cortex only, although the pituitary gland appeared normal. 


2. Pituitary atrophy 


In 1918 Stmumonps recognized that atrophy of the adrenal cortex and other 
target glands is found when there is atrophy or destruction of the anterior lobe of 
the pituitary. EscamiLua and LissEr (1942) reviewed many cases of Simmonds’ 
disease, emphasizing disturbances in gonadal and thyroid function. However, in 6 
of 7 patients so studied, there was reduced tolerance to sodium restriction. The 
probable explanation of this symptom after restriction of sodium intake is an 
accentuation of water intoxication (see p. 132). In 43% of the patients, the fasting 
blood sugar was less than 60 mg %. In 11 of 21 patients in whom glucose tolerance 
tests were done, carbohydrate tolerance was increased ; in a few instances coma was 
induced by an insulin-tolerance test. (See p. 134.) 


3. Pituitary necrosis 


The term Sheehan’s syndrome is commonly reserved for hypopituitarism follow- 
ing hemorrhage or shock as a complication of childbirth. Following the first clear- 
cut description (SHEEHAN 1932) additional reports appeared (SHEEHAN 1937, 
SHEEHAN and Murpocu 1938, SHEEHAN and SummeERs 1949). A history of post- 
partum hemorrhage may be obtained in a large proportion of women with hypo- 
pituitarism. vAN BucuEm (1955) gave this as the etiology in 4 of 8 such patients. 

Pituitary necrosis may also occur in men (MARzuLLO and HANDELSMAN 1951) 
without obvious cause, or following infection (W. GorDAN and Suimxry 1943, 
ZOELCKLER and ORBISON 1955). 


4, Destructive lesions 


The etiology of hypopituitarism may be a craniopharyngioma (FARBER et al. 
1941), acromegaly (RUMMELL et al. 1951), intrasellar tumor (SHEEHAN and Sum- 
MERS 1949), skull fracture (van BuchEM 1955), giant-cell granuloma (DonatcH 
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and Wricut 1951, Rickarps and Harvey 1954), a pituitary cyst (McKay et al. 
1950), degenerative lesions of the central nervous system (JAcoB 1923) or other 
cerebral lesion (CHristy 1960). Destruction of the pituitary by metastases from 
carcinoma has also been reported (Clinical Pathological Conference 1957). 


5. Selective pituitary failure 


There are a few well-documented instances of apparent failure of ACTH pro- 
duction only (StrrBere et al. 1954) and other degrees of partial rather than 
generalized hypopituitarism (MappDocK et al. 1953). 


6. Suppression of ACTH secretion 


In the past, suppression of ACTH production was most common in patients 
with functioning tumors of the adrenal cortex. In these, the remaining adrenal had 
become atrophic and death occurred within a few hours after surgical removal of 
the tumor (Pau 1931, JosePHsoN 1938). In some instances, the atrophy was so 
profound that congenital absence of the contralateral adrenal was suggested 
(LUKENS et al. 1937). PRaruErR (1933) and Wauters et al. (1934) proposed that 
patients having adrenal tumors removed be treated as if they had acute adrenal 
insufficiency, already discussed (p. 48). Incite and Kenpatr (1937) and Incite 
et al. (1938) put forth the hypothesis that the amount of circulating adrenal 
hormone influences the pituitary in its control over adrenocortical activity. 
Although adrenal tumors causing Cushing’s syndrome are those most likely to 
suppress ACTH production, atrophy of the normal or uninvolved adrenal cortex has 
occasionally been noted in patients with virilizing adrenal tumors who had not 
received cortisone therapy (SOBEL et al. 1953). 

In recent years the most common cause of reduced ACTH secretion is treatment 
with corticosteroids for such diseases as asthma and rheumatoid arthritis. Failure to 
recognize that patients receiving steroid therapy need an increased supply when 
undergoing surgery or other stress may lead to fatal collapse (L. Lewis et al. 1953, 
Savassa et al. 1953, H. West 1953). Subnormal response to ACTH may be evident 
for some time after steroid therapy is discontinued, but some individuals respond 
promptly within a few days after a prolonged course of therapy (CHRISTY et al. 
1956, BrrKe et al. 1956, Youne et al. 1957, Hous et al. 1959, Lipp x et al. 1959). 

Relative adrenal insufficiency may be a factor in thyroid storm, where a 
markedly enhanced need for adrenal hormones can be expected. Since therapy for 
this condition necessarily includes a wide variety of measures, the specific effect 
of adrenal substitution therapy in recovery cannot be evaluated (McARTHUR et al. 
1947). 

II. Pseudo-adrenal! insufficiency 


This diagnosis may be suggested when it appears that the peripheral tissues 
fail to respond to normal amounts of hormone (ALBRIGHT et al. 1942b). 


1. Absence of sexual hair 


Failure of sexual-hair development occurs in some individuals with extreme 
degrees of male pseudohermaphroditism ; androgens and 17-ketosteroid precursors 
are produced (GOLDBERG and MaxweELt 1948), the hair follicles are present, but no 
hair growth occurs in response to large doses of androgen (WILKINS 1957, p. 276). 
This situation, associated with adrenal hyperplasia, was first reported by HpaLEy 
and Guy (1931). The possibility of a relationship between testicular feminization 
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with failure of sexual hair growth, and lipoid hyperplasia of the adrenal cortex, in 
which severe male pseudohermaphroditism also occurs, is discussed by PRADER and 
GURTNER (1955) and by PRADER (1957). 


2. Pseudohypoaldosteronism 


Pseudohypoaldosteronism has been documented by DoNNELL et al. (1959) in 
an infant who was severely dehydrated, with elevated plasma K* and reduced Na* 
concentrations. The child did not respond to deoxycorticosterone or other mineralo- 
corticoids. He was found to have markedly elevated aldosterone excretion (800 ug 
per 24 hours), which fell to normal as the child improved when treated with large 
amounts of salt. 

IV. Transient adrenal insufficiency 


JauDON (1946b, 1948) has written on this subject, discussing adrenal insuffi- 
ciency in patients under 16 years of age. In some the signs of adrenal insufficiency 
were associated with virilism (see Part 3 of this Volume), whereas in others there 
were disturbances of nutrition, which may have been the primary problem. 
There is no substantial evidence that transient adrenal insufficiency actually exists. 


B. Experimentally induced insufficiency* 
I. Adrenalectomy 


Although the surgical procedures employed for adrenalectomy are much the 
same for all mammals, minor problems peculiar to a given species may be encoun- 
tered. One must know, for example, the degree of proximity of the right gland to 
the inferior vena cava, the desirability of performing a two-stage operation, the 
need for the resection of ribs, and so on. 

The techniques of adrenalectomy in a number of vertebrate species have been 
described by HarTMAN and BROWNELL (1949). In the following table, more recent 
reports of operative techniques are listed: some describe adrenalectomy in animals 
hitherto unstudied; others consist of new reports upon species long in use for the 
investigation of adrenocortical insufficiency. 


Table 1. Techniques for adrenalectomy in various 


species 

Species Reference 
Wallaby ... . | Burrimet al. (1952) 
Guinea pig . . . | Morrison (1954) 
IREVOONG o & oo | ZAK et al. (1957) 
Goo tent. Cait Cow1b and Stewart (1949) 
INGE so o a < MAnsson and OBE. (1958) 
LSS Ne ee cee | MAnsson and OBer (1958) 
Rhesus monkey . | GRBEP et al. (1952) 
Mant Se ar: | LaprpEs (1958) 


The problem of anesthesia during adrenalectomy in the human being has been 
reviewed by BELLVILLE et al. (1958). 
The removal of adrenocortical or interrenal tissue from lower vertebrates 


considered is primary; secondary insufficiency and relative insufficiency are not evaluated or 
characterized. — Sub-Eds. 
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the organism. (See Chapter 1.) Much of this tissue occurs in very close proximity to 
blood vessels or excretory organs. It has therefore been found expedient to cauterize 
such tissue rather than attempt its removal. Descriptions of some such procedures 
and citations of original reports of studies in lower vertebrates will be found in 
the books by Hartman and Browne tu (1949) and CursTer Jonns (1957). 


II. Chemical inhibitors of the adrenal cortex 


There has been great interest in recent years in the possibilities of producing 
partial or total adrenocortical insufficiency by the use of chemical agents. This 
interest stems from the discovery of a number of compounds that exert a relatively 
specific inhibitory effect on adrenocortical tissue, such as amphenone B; 2,2- bis 
(2-chlorophenyl-4-chlorophenyl)-1,1-dichloroethane (0, p’ DDD), and 2-methyl- 
1 ,2-bis-3-(pyridyl)-1-propanone (Su 4885). The pharmacological effects of these 
compounds are discussed in Chapters 1, 3 and 4, Part 1 of this Volume. 


Ill. Vitamin deficiencies 


Many attempts have been made to elucidate the role of vitamins in adreno- 
cortical function. The usual experimental approach to this problem has been to 
study vitamin-deficient animals for manifestations of adrenocortical insufficiency. 
The vitamin deficiencies have been produced by feeding a diet devoid of the 
vitamin, by administering a metabolic antagonist of the vitamin or by the simul- 
taneous use of both procedures. Only situations in which the water-soluble vi- 
tamins are lacking have been studied; the roles of lipide-soluble vitamins in adreno- 
cortical function remain unexplored. 

The initial response to all vitamin deficiencies studied thus far appears to be 
one of adrenocortical hyperactivity. In most vitamin deficiencies, this hyper- 
activity appears to persist until the onset of the preterminal period; whereas in 
some, the initial response appears to be followed by the gradual development of 
adrenocortical hypofunction. 

Many of the findings in this area are difficult to interpret for a variety of 
reasons. In many of the studies, indirect criteria of adrenocortical insufficiency, 
such as sensitivity to insulin or increased blood eosinophil concentrations, have 
been employed; direct measurements of the hormonal output of the gland are few 
and relatively recent. When indications of adrenocortical insufficiency are obtained, 
it is difficult to know if the disturbance has occurred within the adrenal cortex itself 
or is to be attributed to a failure of the anterior pituitary gland to secrete adreno- 
corticotropic hormone (ACTH). The situation is further rendered difficult of 
analysis by the disturbances that occur in nonendocrine tissues when a vitamin is 
lacking, for such disturbances may modify the effects of adrenocortical hormones. 
The fact that investigators have made observations upon animals at varying 
periods of time after the institution of measures designed to produce a vitamin 
deficiency makes the comparison of findings from various laboratories difficult. 

The earlier findings in this area of vitamin-adrenocortical interrelationships 
have been reviewed briefly by Ratxt (1950) and more extensively by Morcan 
(1951). 

1. Ascorbic acid deficiency 

The unusually large quantities of ascorbic acid that are present in the adrenal 
gland of most species (HarTMAN and Brownett 1949) have provoked many 
investigations of the role of this vitamin in adrenocortical function. The following 
discussion will be confined to reports of studies in scorbutic mammals. The earlier 
findings in this area have been reviewed by METKLEJOHN (1953). 
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Only a few investigators have reported signs of apparent adrenocortical 
insufficiency in scorbutic animals. BANERJEE and Dxs (1952) observed that serum 
potassium concentrations are elevated in the scorbutic guinea pig while the urinary 
excretion of this cation is subnormal; serum sodium concentrations were found to 
be subnormal. These authors also concluded that the synthesis of adrenocortical 
hormones may be impaired, for the concentration of cholesterol in the adrenal 
gland of the scorbutic guinea pig is unusually low (BANERJEE and Drs 1951). 

Such findings are in the minority, for most investigators have reported signs of 
adrenocortical hyperactivity in states of scurvy; this hyperactivity appears to 
persist until the structure of the gland begins to break down in the preterminal 
period. C. Stewart et al. (1952) found that monkeys are unusually resistant to 
the hypoglycemic effects of insulin early in the period of ascorbic acid deficiency. 
Done et al. (1953) found that the concentration of plasma 17-hydroxycortico- 
steroids in the scorbutic guinea pig is approximately 10 times greater than normal. 
BurRSTEIN et al. (1955) reported that scorbutic guinea pigs excrete more cortisol in 
the urine than do normal animals. Unusually high titers of formaldehydogenic 
substances (presumably corticosteroids) were found in the urines of scorbutic 
guinea pigs by NapEL and SCHNEIDER (1952). In both scorbutic guinea pigs and 
human beings, CLayTon et al. (1954) measured abnormally large quantities of 
urinary 17-ketosteroids and 17-ketogenic steroids. Baccnus and HEIFrFreEr (1953) 
found that the elevated urinary titers of 17-ketosteroids and 17-hydroxycortico- 
steroids fell to subnormal levels only when necrotic changes could be observed in 
the adrenal glands of scorbutic guinea pigs. 

The adrenocortical response to ACTH likewise seems unimpaired in states of 
ascorbic acid deficiency. CLayton and Prunty (1953) found that the excretion of 
urinary 17-ketosteroids showed an increase after the administration of ACTH to 
scorbutic guinea pigs. In scorbutic human beings, TRHAGER et al. (1950) noted that 
the administration of ACTH produced an eosinopenia and an enhanced excretion 
of urinary 17-ketosteroids. 


CLAYTON and Prunty (1951) were unable to influence the course of scurvy in 
guinea pigs by the administration of ACTH or cortisone. 


It can thus be seen that the adrenal cortex is apparently capable of hyperactiv- 
ity in the presence of ascorbic acid deficiency ; this indicates that the vitamin is not 
indispensible to adrenocortical function. The concensus has been well put by 
MEIKLEJOHN (1953): “In summation, it seems fair to say that to date there is no 
~ undisputed evidence that ascorbic acid plays any part in assisting the synthesis or 
secretion of the adrenocortical hormones.” (See also Chapters 1, 3.) 


2. Pantothenic-acid deficiency 


The strongest evidence that a vitamin may play an important role in adreno- 
cortical function has been obtained in instances of pantothenic-acid deficiency. The 
earlier findings in this area were reviewed by Ratti and Dum (1953) and Novex1 
(1953). 

In addition to feeding a diet devoid of this vitamin, attempts have been made 
by some investigators (e. g., BEAN et al. 1955) to induce pantothenate deficiency 
by the administration of a supposed metabolic antagonist, w-methylpantothenic 
acid. It should be noted that the many physiological disturbances that follow the 
administration of this agent are not readily reversed by pantothenic acid. One may 
therefore surmise that the effects of this agent cannot be attributed wholly to 
interference with the utilization of pantothenic acid (A. Wurrx et al. 1959, p. 1012) 
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Duane and McKresin (1946) described in detail the morphological and 
histochemical changes that occur in the adrenal gland of the rat in the course of 
pantothenic acid deficiency. The ultimate picture is one of focal necrosis and 
hemorrhage within the gland. 

Many indications of adrenocortical insufficiency have been observed in states 
of pantothenic-acid deficiency. Sensitivity to the hypoglycemic effects of insulin is 
increased in human beings (BEAN and Hopazs 1954, Bran et al. 1955) and rats 
(Winters et al. 1952b). There are other signs of disturbances in intermediary 
metabolism that may reflect adrenocortical insufficiency. In pantothenate-deficient 
dogs, forced excercise resulted in a collapse characterized by hypoglycemia; such a 
condition could be prevented by the prior administration of lipide extracts of 
adrenocortical tissue (ARNRICH et al. 1956a). Pantothenate-deficient rats did not 
exhibit the normal response of hyperglycemia and enhanced hepatic glycogenesis 
when exposed to atmospheric pressures equivalent to an altitude of 20,000 feet for 
24 hours, even though adrenocortical hypertrophy had developed. Again a normal 
response occurred in such animals if they were pretreated with adrenocortical 
extracts (HuRLEY and MorGan 1952). Pantothenic-acid therapy is efficacious 
also if instituted before the final stages of ‘‘adrenal exhaustion.” 

ErsHorr (1953) found that no pantothenate-deficient rats were able to survive 
for 72 hours at 2°C., whereas all of the control animals were able to withstand this 
stress. However, it is of interest to note that the survival of the experimental 
animals in the cold was not prolonged by the administration of a variety of 
hormones, including anterior pituitary extracts, cortisone acetate, thyroxine, 
growth hormone or ACTH. The syndrome of pantothenic-acid deficiency obviously 
consists of more than adrenocortical hypofunction. 

Both Gaunt et al. (1946) and GuacEnueEIm (1954) have reported that panto- 
thenate-deficient rats excrete a water load at a subnormal rate and have an en- 
hanced susceptibility to water intoxication. This disturbance can be corrected by 
the administration of ACTH or cortisone (GUGGENHEIM 1954). McQUEENEY et al. 
(1947) found that pantothenate-deficient rats were able to conserve sodium while 
on a sodium-deficient diet. Furthermore, steroids with ‘‘mineralocorticoid”’ 
activity do little to reverse the changes wrought by pantothenic-acid deficiency 
(HurLEy and Morean 1952, GUGGENHEIM 1954). 

Other findings in pantothenate deficiency that are compatible with a diagnosis 
of adrenocortical insufficiency are, in human beings, hypochlorhydria (BEAN and 
Hopges 1954) and postural hypotension (BEAN et al. 1955). Pantothenate-deficient 
dogs do not exhibit the eosinopenia after exercise that normal animals do (ARN- 
RICH et al. 1956b). 

The in vitro synthesis of adrenocortical steroids is definitely subnormal in glands 
obtained from pantothenate-deficient rats (EISENSTEIN 1957), as is the output of 
urinary 17-ketosteroids by pantothenate-deficient human beings (BEAN et al. 
1955). The adrenal content of cholesterol is low in the pantothenate-deficient rat 
(Winters et al. 1952c, Dumm et al. 1953, Perry et al. 1953) but normal in the 
pantothenate-deficient dog (ARNRIcH et al. 1956b). Moreover, in such rats, 
repletion of adrenal cholesterol after a stress takes an unusually long period of time 
(Dumm et al. 1953). These findings have prompted the suggestion that the biogenesis 
of steroid hormones by the adrenal cortex is impaired in pantothenate-deficient rats 
because of a disturbance in the ability of the gland to synthesize cholesterol 
(WinTERs et al. 1952c, Dumm et al. 1953, Finanza and BonomMoxo 1956). 

Reports on the effects of ACTH, endogenous and exogenous, in pantothenate 
deficiency are in conflict. Pantothenate-deficient rats exhibit a normal depletion of 
adrenal ascorbic acid when placed in the cold (PERRy et al. 1953). They likewise 
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exhibit depletion of adrenal ascorbic acid and cholesterol and a lymphopenia when 
given ACTH (Ersuorr and Parrorr 1953, Ersnorr et al. 1953). The response to 
epinephrine, however, is delayed and may be abnormal (i. e., a lymphocytosis 
develops instead of a lymphopenia); it has therefore been suggested that the 
adrenocortical insufficiency of pantothenate deficiency may stem from a distur- 
bance in the secretion of ACTH (Ersnorr and Parrott 1953, Ersnorr et al. 1953). 

However, many reports of subnormal responsiveness to ACTH in pantothenate 
deficiency have been made. In pantothenate-deficient rats, the administration of 
ACTH does not produce the customary eosinopenia and lymphopenia (WINTERS 
et al. 1952a), there is no increase in liver glycogen stores or in the urinary excretion 
of glucose and nitrogen (WINTERS et al. 1952b), and the fat content of the liver 
does not increase significantly (Morgan and Lewis 1953). In pantothenate- 
deficient guinea pigs, only a small increase in the urinary excretion of 17-hydroxy- 
corticosteroids occurs (EISENSTEIN and WENNEKER 1958). Little or no eosinopenia 
follows the administration of ACTH to pantothenate-deficient human _ beings 
(Bran and Hopass 1954). 

These findings of a subnormal response to ACTH suggest that the state of 
insufficiency might be ascribed to the adrenal cortex itself and not to the pituitary. 
In point of fact, Scuuttz et al. (1952) concluded that abnormally large quantities 
of ACTH are released in pantothenate deficiency. It was their view that, as the 
output of adrenocortical hormones wanes in the absence of pantothenic acid, the 
anterior pituitary gland is prompted to secrete ever-greater quantities of ACTH. 
They felt that the adrenocortical necrosis that occurs in pantothenate deficiency is 
a reflection of glandular exhaustion from overstimulation by ACTH. (See Chapter 1.) 
They were able to accelerate the process of adrenocortical necrosis in pantothenate- 
deficient rats by the administration of ACTH and to retard or prevent it by the 
administration of cortisone. This concept is not supported by the report of BUTLER 
and Morean (1955) that normal quantities of ACTH were found in the anterior 
pituitary gland and in the venous blood of pantothenate-deficient rats. 

Taken in sum, the evidence indicates that pantothenic acid is required for 
normal adrenocortical function. There are only a few findings not consonant with 
this view. Atrophy of the thymus occurs in pantothenate-deficient rats (McQUBEE- 
NEY et al. 1947, Morcan and Lewis 1953) and mice (MeLampy et al. 1951). 
Perhaps this is a reflection of the need for pantothenic acid for normal thymic 
growth. The other inconsistent finding was made by ErsHorr et al. (1953); they 
observed that the ability of rats to survive intoxication by egg white was unim- 
paired by pantothenate deficiency. Such a response would not be anticipated if 
any significant degree of adrenocortical insufficiency were present (HARTMAN and 
BROWNELL 1949). 

3. Riboflavin deficiency 


Adrenocortical function appears to be impaired only in the later stages of 
riboflavin deficiency. ARNRICH et al. (1956a, b) could detect no signs of adreno- 
cortical insufficiency in the response of riboflavin-deficient dogs to the stress of 
exercise, and the adrenal content of cholesterol was found to be normal in these 
animals. FoRKER and Mor@an (1954) observed that rats on a riboflavin-deficient 
diet for 3 weeks gave evidence of abnormally enhanced gluconeogenesis when 
subjected to anoxia; however, when they had been on the diet for 8 weeks, this 
response was essentially abolished. Gaunr et al. (1946) likewise noted that delayed 
diuresis after a water load was exhibited by rats in states only of severe riboflavin 
deficiency. ERsHorr (1954) has noted that the riboflavin-deficient rat may exhibit 
the same degree of sensitivity to the hypoglycemic effects of insulin as does the 
adrenalectomized rat. 


Adrenal exhaustion 63 


It would thus seem that, in riboflavin deficiency, the initial response is one of 
adrenocortical hyperfunction. As the severity of the deficiency state increases, 
evidence of impaired adrenocortical function may be seen. Such a sequence of 
events suggests that riboflavin may play no vital role in the synthesis and secretion 
of adrenocortical hormones. 


4. Pyridoxine deficiency 


There is little or no evidence to suggest that pyridoxine plays an indispensible 
role in normal adrenocortical function. In pyridoxine-deficient rats, the adrenal 
glands are hypertrophied, and, by histological and histochemical criteria, appear to 
be hyperactive (STEBBINS 1951 b, ComBripGuH 1956). The processes of steroidogenesis 
and the response to ACTH appear to be normal (E1sENSTEIN 1959). 

The pyridoxine-deficient rat excretes a water load at a subnormal rate (STEB- 
BINS 195la, GUGGENHEIM 1954), but such a response may be a reflection of 
disturbances other than adrenocortical insufficiency. 


IV. lonizing radiations 


Adrenocortical insufficiency can be produced by the cytotoxic effects of ionizing 
radiations. The initial response to lethal, whole-body irradiation appears to be one 
of adrenocortical hyperactivity. Thus, in mice, tolerance for potassium was 
increased in the immediate post-irradiation period (W. SmirH 1951). The response 
of the perfused calf adrenal to ACTH was enhanced at this time (ROSENFELD 1958). 
This may be followed by a period of relative normalcy with respect to adrenocorti- 
cal function, and then the preterminal decline commences (ROSENFELD 1958). 

A decrease in the gland’s output of hormones may be detected before degenera- 
tive changes in the structure of the adrenal cortex can be observed by light micros- 
copy (UNGAR et al. 1955). Despite the gradual waning of steroidogenesis within 
the gland in the preterminal period, it is of interest to note that the concentrations 
of cortical steroids in the peripheral blood of the calf at this time are at or above 
normal levels. 


V. Adrenal exhaustion 


It has occasionally been demonstrated that, if the adrenal gland is subjected 
to prolonged, intense stimulation by ACTH, it becomes “exhausted” and adreno- 
cortical insufficiency ensues. In this situation, the gland not only becomes “‘exhaust- 
ed” in the sense of its capacity for hormonal secretion, but portions of it actually 
undergo hemorrhagic disintegration. 

INGLE (1951) was able to produce necrotic changes in the inner cortical zones 
of the adrenal gland of the rat by the administration of large doses of ACTH for 
21 days. Three instances of adrenal hemorrhage during the course of ACTH therapy 
in human beings have been reported: in two of the cases, hemorrhages occurred in 
both glands (GREENE 1953, Witson and Rotx 1953) and in the third case, only 
one gland was involved (Gar 1958). It remains to be determined, however, to 
what extent ACTH therapy played a causative role in the adrenal hemorrhages 
encountered in these clinical situations. (See also p. 50.) 

Large doses of mammalian ACTH will also produce pathological lesions in the 
adrenal glands of lower vertebrates. M. Minter (1953) was able to produce such 
changes in the glands of an amphibian, Tritwrus torosus, and also in the glands of a 
lizard, Xantusia vigilis (M. MILLER 1952). 
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Manifestations of adrenocortical insufficiency 


A. Ability to survive 
I. Introduction 


States of adrenocortical insufficiency are usually found to have a fatal termina- 
tion (HARTMAN and Browne. 1949, THorN 1951). However, any statement as 
to the inevitability of death in the absence of functional adrenocortical tissue must 
be subject to some qualification. Certain investigators have reported instances of 
“indefinite” survival after adrenalectomy (HARTMAN and BROWNELL 1949). Some 
of these findings can be readily explained in terms of the presence of accessory 
adrenocortical tissue, the composition of the diet supplied, or the intervention of 
other factors known to prolong survival after adrenalectomy. A few of these 
findings (e. g., AGATE and ZwEMER 1935, Hartman et al. 1943), however, cannot 
easily be incorporated into our general concepts of adrenocortical insufficiency. 
Indeed, they seem to indicate that animals can survive for a normal span of 
life without adrenocortical tissue (see p. 66 ff.).'To be sure, it has never been 
demonstrated unequivocally that the animals employed in these studies were 
wholly free of any tissue capable of secreting adrenocortical hormones. However, 
unless these findings can be explained in ways consonant with our present general 
concepts of adrenocortical insufficiency, we cannot reject the view that, under 
certain circumstances, an organism may survive in the absence of adrenocortical 
hormones and in the absence of any supportive measures. 

Additionally, the actual length of the period of survival after the onset of 
adrenocortical insufficiency can be influenced by a number of factors. Earlier 
investigators of adrenocortical insufficiency recognized the existence of these 
extraneous factors, and their findings have been well summarized in previous 
publications (HartMaAN and BrownetL 1949, Gaunt and EversoLe 1949, 
Nose 1950, CoestER JONES 1957). In the paragraphs to follow, these factors will 
be enumerated ; the relatively few recent findings in this area will be cited under 
the appropriate headings. 


II. The influence of various factors upon survival 
1. The degree of adrenocortical insufficiency 


Varying degrees of adrenocortical insufficiency can exist that presumably 
reflect varying decreases in the secretory capacity of the adrenal cortex. Such 
states of partial adrenocortical insufficiency can best be observed in human beings 
in whom the condition is of spontaneous origin (THorN 1951). The degree of 
adrenocortical insufficiency can be estimated, in part, by the signs, symptoms 
and clinical course of the disease as well as in the requirements for maintenance 
therapy (see section on Diagnosis, p. 131). On occasion, the pathological process 
appears to encroach upon only a portion of the adrenocortical tissue and then to 
become arrested (ROWNTREE 1940). The milder forms of adrenocortical insufficiency 
are not incompatible with survival and pose a threat to life only in times of great stress, 
as during a major surgical procedure (THORN 1951). 

In the absence of accessory adrenocortical tissue, bilateral adrenalectomy 
results in a state of total adrenocortical insufficiency; such a state may also arise 
spontaneously (see section on Etiology, p.49ff.). The organism subsequently 
manifests many, if not all, of the physiological and biochemical derangements 
described in subsequent portions of this chapter. In most individuals, death is 
preceded by a preterminal crisis that may last for hours or days. Ultimately, the 
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moribund organism is no longer capable of responding even to very large doses of 
adrenocortical hormones, and death follows shortly (Hartman and BRowNELL 
1949). 

2. The rate of development of adrenocortical insufficiency 


It has been demonstrated that certain species are better able to tolerate 
adrenocortical insufficiency if it develops slowly rather than suddenly. For 
example, SILVETTE and Brirron (1936) removed both adrenal glands from 
opossums in one operation. Their animals survived, on the average, for 6 days 
thereafter. Harrman et al. (1943) adrenalectomized opossums in the following 
fashion: they first removed one gland and then, after an interval of some days, 
removed the other. Moreover, they injected their animals with adrenocortical 
extracts for the first 3 days after removal of the second gland. Many of the animals 
survived for weeks or months and a few seemed destined to live out a normal life 
span. There seemed to be no explanation for these findings other than the surgical 
schedule that they observed; with single-stage adrenalectomies, their animals had 
the same short period of survival as did those of Srnverrr and Brirron. 

Findings such as these have prompted many investigators to perform adrenal- 
ectomy in two stages. For example, it is commonly done in the case of the dog 
(NoBLE 1950), but does not significantly prolong the postoperative period of 
survival of many species (HARTMAN and BROWNELL 1949). 


3. Species 


The period of survival after adrenalectomy is very much a function of species 
(HaRTMAN and BROWNELL 1949, Nose 1950, 1955, CHESTER JONES 1957). The 
survival of some birds after adrenalectomy is reckoned in terms of hours (NOBLE 
1950). The sloths (Choloepus hoffmanni and Bradypus griseus) survive for only 
24 hours after adrenalectomy (BrRITTon et al. 1938); this constitutes the shortest 
period of survival reported for any mammal. As described above, the opossum 
(Didelphis virginiana) may survive for months or even a year after adrenalectomy 
(HARTMAN et al. 1943). These findings have been interpreted as a reflection of 
varying degrees of dependence of the different species upon adrenocortical 
hormones (HARTMAN and BROWNELL 1949). 


4. Age 

It is generally held that younger animals succumb more readily to the effects 
of adrenalectomy than do older ones (HARTMAN and BROWNELL 1949), but this 
variable has been systematically investigated only in the case of the laboratory rat. 

GILLMAN and GoLpBERG (1942) found that rats weighing from 10 to 20 grams 
survived, on the average, for 5.6 days after adrenalectomy, whereas rats weighing 
from 100 to 200 grams had an average survival period of 8.4 days. They also 
noted that a higher percentage of younger rats died within 48 hours after adrenal- 
ectomy ; they seem less able to withstand the stress of surgery. These were excluded 
in calculating the average. 

Cowre (1949a) performed similar experiments on rats of varying ages. He 
found that the period of survival after adrenalectomy increased with age up to 
the age of 4 months; in animals 4 to 12 months of age, the periods of survival were 
essentially identical. 


5. The presence of accessory adrenocortical tissue 


The presence of functional masses of ectopic adrenocortical tissue that may 
occur within the organism has sometimes proved to be a hindrance to the elucida- 
tion of adrenocortical function (see p. 30). On the other hand, the specter of such 
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tissue can be overemphasized and perhaps has been invoked too often as an 
explanation for otherwise inexplicable periods of prolonged survival after adrenal- 
ectomy (Gaunt and EvERSOLE 1949). 

The magnitude of the problem posed by accessory adrenocortical tissue is a 
function of species. (See also Chapters 1 and 4.) It has been reported that 70% of 
all rabbits examined possess ectopic cortical tissue (Kosa 1929). In a series of 
100 consecutive autopsies performed upon unselected human beings, GRAHAM 
(1953) found that 32 had accessory adrenal tissue, usually in the area of the 
celiac plexus. Both cortical and medullary tissue could be detected in half of these 
32 instances. Accessory adrenal tissue is often postulated to occur in the strains 
of rats used in biological research but it is difficult to find even after adrenalectomy 
(Gaunr and Eversotr 1949). In a study of several hundred rhesus monkeys, 
Scumipt (1956) discovered accessory adrenal tissue in only one animal. It was 
imbedded in the peripheral cortex of the kidney; histologically, it possessed 
glomerulosal, fascicular and reticular zones but no medullary tissue. 


6. Environmental factors 


The environmental conditions found to have the greatest influence on the 
length of the period of survival after adrenalectomy are ambient temperature and 
the composition of the diet. 

Adrenalectomized mammals react adversely to extremes of heat and cold. 
While investigators might naturally avoid placing adrenalectomized animals in a 
cold environment, a similar avoidance of elevated temperatures is not often made 
nor is it always possible to escape them, especially in the summer. The effect of 
heat upon the survival of adrenalectomized rats was assessed by LANGLEY et al. 
(1956); they found the period of survival to be significantly decreased when the 
animals were placed in rooms having ambient temperatures of 34—38°. The fact 
that cold temperatures likewise hasten the demise of the adrenalectomized rat is 
well known (HARTMAN and BROWNELL 1949, NoBLE 1950). 

The response of poikilothermic animals after adrenalectomy to alterations in 
temperature is somewhat different from that of the homeothermic mammals. 
Mags (1937) found that adrenalectomized frogs kept at 5° survived approximately 
7 times as long as similar animals kept at 28°. [See also CHESTER JONES (1957, 
pp. 149—167).] 

The time of the year at which adrenalectomy is performed appears to exert a 
significant influence upon the duration of survival only in poikilothermic animals 
and in those animals that undergo hibernation. The marmot (groundhog) adrenal- 
ectomized in the summer survives only about as long as the cat; adrenalectomized 
during the winter, the marmot will survive throughout the normal period of 
hibernation (HARTMAN and BROWNELL 1949). 

The inorganic constituents of the diet consumed in states of adrenocortical 
insufficiency may profoundly influence the length of the period of survival. A diet 
rich in sodium is well-known for its beneficial effects in many species (KENDALL 
1948); a diet rich in potassium will, however, shorten the period of survival. 
However, sodium therapy does not materially prolong the survival of rhesus 
monkeys (HOFMANN et al. 1954) or wild Norway rats (RicHTER et al. 1950) after 
adrenalectomy. 

The effects of various organic constituents of the diet upon the survival period 
after adrenalectomy have been investigated only slightly. INGLE et al. (1943) found 
that the period of survival of adrenalectomized rats was not significantly influenced 
by variations in the relative amounts of carbohydrate, protein or fat in the diet. 
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Booker et al. (1955) found that rather large doses of glutathione prolonged the 
survival of adrenalectomized mice in the cold. 

An outstanding example of the influence of environmental conditions 
upon the period of survival after adrenalectomy was reported by AGATE and 
ZWEMER (1935). One group of rats in this study was made up of animals raised 
in the authors’ colony where careful attention was paid to diet, temperature 
and cleanliness. Only 2% of the animals in this group were dead by 60 days 
after adrenalectomy. A second group of rats was obtained from outside sources; 
they subsequently received the same care as the animals in the first 
group. By 60 days after adrenalectomy, 52% of these animals were dead. 
In summarizing the literature of the time, the authors noted that other 
investigators had reported an average mortality of 89% of rats by 60 days after 
adrenalectomy. The factor that seemed to be of significance in the findings of 
AGATE and ZWEMER was the particular care given to the environment of their 
animals. 'The authors could not find accessory adrenocortical tissue in most of 
their animals. It seems possible that, in a carefully regulated environment, some 
rats may survive for long periods of time without adrenocortical hormones (GAUNT 
and EVERSOLE 1949). 

Some 19th and early 20th century investigators reported remarkably short 
periods of survival for animals after adrenalectomy; the survival periods for cats, 
dogs and rats were often measured not in days, as they now are, but in hours. 
With our present knowledge, we can say that many of these reports probably 
reflected poor surgical techniques and inadequate care of the animals in the 
postoperative period (G. Stewart 1924). 

In any determination of the average period of survival of a group of animals 
after adrenalectomy, one would obviously arrive at a falsely low figure if data 
from animals succumbing principally to the stress of surgery were included in the 
computations. It has therefore become conventional to exclude from consideration 
any animals dying within 48 hours after adrenalectomy (GILLMAN and GOLDBERG 
1942); such a statement naturally applies only to those species known to survive 
adrenalectomy for approximately 5 days or more. 

As organisms in adrenocortical insufficiency are unusually susceptible to a 
wide variety of noxious influences, such as bacterial infections, low temperatures, 
etc. (see p. 129), the period of survival after adrenalectomy will be reduced to the 
extent that these factors are operative in the experimental situation. If one wishes 
to observe the picture of uncomplicated adrenocortical insufficiency, care should 
be taken to protect adrenalectomized animals from all influences to which they 
are known to be particularly sensitive (HARTMAN and BROWNELL 1949). 


7. The influence of other endocrine glands 
a) Reproductive organs 


The influence of ovarian secretions upon the length of the period of survival 
after adrenalectomy was widely studied in the period before 1945 (PARKEs 1945); 
the more recent studies consist of repetitions and extensions of these earlier 
investigations. 

In confirmation of earlier findings (PARKES 1945), Cowre (1949a) found that 
female rats live for a significantly longer period of time after adrenalectomy than 
do male rats; such a distinction between the sexes cannot be made, however, in 
prepubescent animals. The same difference in the survival period after adrenal- 
ectomy has been observed in male and female golden hamsters (SNYDER and 
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after adrenalectomy than does the rat with ovaries intact (LANGLEY et al. 1956). 
Implants of ovarian tissue into the ears, spleens or testes of male or female rats 
(Licwron et al. 1953) or mice (R. Hitt 1948) enable the animals to live for a 
somewhat longer period of time after adrenalectomy than would otherwise be 
expected. 

The survival of adrenalectomized rats can be prolonged by the administration 
of progesterone, is usually unaffected by the administration of androgenic hormones 
and may be unaffected or reduced by the administration of estrogenic hormones 
(PARKES 1945). 

Pregnant or pseudopregnant dogs and ferrets survive for a longer period of time 
after adrenalectomy than do non-pregnant animals. Whether or not pregnancy or 
pseudopregnancy prolongs the period of survival after adrenalectomy in rats and 
cats remains an unresolved dispute (PARKES 1945). This matter is discussed further 
in the section on the reproductive system (pp. 118—122). 


b) Thyroid gland 
The influence of thyroidal secretions upon the period of survival is discussed 
in a subsequent portion of this chapter (pp. 122—126). 


c) Anterior pituitary 
The survival period after adrenalectomy in hypophysectomized rats is shorter 
than it is after simple adrenalectomy (GREEP 1950). In one study, the hypophy- 
sectomized rat lived, on the average, 4.8 days after adrenalectomy; the non- 
hypophysectomized rat had an average postoperative survival of 10.5 days 
(Hormann 1952). 


B. Growth 
I. Weight 


Most studies of growth in adrenalectomized animals are based on rate of gain 
in weight, which may reflect changes in water or fat content of the animal rather than 
changes in amount of protoplasm. Most such studies have been directed towards 
evaluating the effectiveness of various forms of therapy. Discussion of the poor 
weight gain of operated animals has usually failed to take into account differences 
in the amount of food consumed, even when control animals were fed the same diet 
as the adrenalectomized ones (GauNnT et al. 1935, E. ANDERSON et al. 1940a, 
Kuizenca et al. 1943, EVERSOLE 1945, SreGALorr 1946, Gaunt et al. 1951). 


II. Body composition 


Coun et al. (1955) analyzed the carcasses of force-fed rats and found that the 
increase in nitrogen and fat content was no different in adrenalectomized and intact 
animals. Both groups of force-fed animals gained more fat than did intact animals 
allowed to eat ad libitum. 


Ill. Skeleton 
1. Man 


Little information is available on the growth of human beings with Addison’s 
disease, since onset in childhood is unusual. JauDoN (1946a) gave growth data 
for a girl whose signs appeared at 64 months of age. Her height was always 
within normal limits; treatment consisted of deoxycorticosterone and the addition 
of salt to her diet. N. Tarpor and Sopen (1947a, b) found that children with 
adrenal insufficiency grew normally as long as electrolyte and water balance was 
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satisfactory. EHRENGUT (1956) analyzed the data on the growth of 16 children with 
Addison’s disease; stature was below average in only one of this group. 


2. Animals 


a) Linear growth 


The information available from carefully conducted studies of skeletal growth 
indicates that adrenalectomized animals grow more rapidly than intact ones. 
Atiters and CRANDALL (1936) reported radiological evidence of growth of the 
skeleton and teeth in adrenalectomized puppies but offered no quantitative data. 
Wane and HazeLwoop (1941) mentioned that 50-day-old adrenalectomized rats 
averaged 15.1 cm in length, compared to 16.1 cm for control animals. A low K* 
and high Na” diet was provided, but the animals were not pair-fed and the 
operated animals weighed 90 g while the intact ones weighed 100 g. INGALLs and 
Hayes (1941) found demineralization and decrease in the columnar cartilage of 
the epiphyses of adrenalectomized rats; only 3 of 11 animals survived for more 
than 10 days. The results were probably influenced by ‘‘small doses of cortin”’ 
given for the first 10 days after adrenalectomy. 

Wyman and Tum-SupEN (1945) concluded that the decreased width of the 
tibial epiphyseal cartilage of adrenalectomized rats could be related to their 
decreased food intake, because the width of the cartilage of intact animals on 
restricted diets was no greater than that of the adrenalectomized animals. By 2 to 
4 weeks after operation the epiphyseal cartilage in adrenalectomized animals was 
definitely wider than in the control animals. MAASEN (1952) studied pair-fed rats 
and found that the tibias of adrenalectomized animals were longer than those of 
controls, although the weights and volumes of these bones were smaller. The 
results were attributed to absence of growth-inhibiting corticosteroids in the 
operated animals. Burrerr and WyMAN (1955) adrenalectomized male and female 
rats ranging in age from 80 to 100 days, and supplied them with physiological 
saline and food ad libitum in the postoperative period. At the end of the third 
week there was a significant increase in the width of the epiphyseal cartilage of the 
tibia; the widths were the same in males as in females. As the width of the 
cartilage is somewhat greater in the intact male rat than in the female, a relatively 
greater growth of cartilage occurred in the female after adrenalectomy than in the 
male. Histologically, enhanced chondrogenesis was evident after adrenalectomy 
(BurrerT and WyMAN 1956); these animals were maintained on saline drinking 
fluid. 

M. Srupson et al. (1950/51) found that hypophysectomized, adrenalectomized 
rats showed the same epiphyseal response to growth hormone as did those merely 
hypophysectomized. 

b) Hypercalcemia 

Some disturbance of calcium metabolism after adrenalectomy is indicated by 
the high Ca?*+ concentrations in the plasma of dogs, although there is considerable 
variation from dog to dog (Rogorr and Strwarr 1928c). It is not clear to what 
extent the increased level (about 15 mg per 100 ml, compared to a normal of 
10 mg) reflects an increased loss from the skeleton and to what extent it should be 
attributed to adrenal insufficiency. Hypercalcemia has occassionally beenreported 
in human beings with Addison’s disease (LABHART 1957, PRADER et al. 1959). 


c) Mineralization 
The findings of PuastEy and CoL.ip (1936) indicated that a greater amount 
of Ca2* was released from bone after the administration of parathyroid extract in 


70 The functions of various organs in adrenocortical insufficiency | 


the adrenalectomized rat than in the intact animal. The various reports of 
demineralization of the skeleton after adrenalectomy suggest that the ability of 
bone to maintain its Ca?* content is subnormal. 

INGALLS and Hayes (1941) observed widespread and marked demineralization 
of the entire skeleton in adrenalectomized animals receiving no supportive therapy. 
That loss of bone salts cannot be attributed to malnutrition is indicated by the 
observations of MAasEN (1952), who found that the weight and volume of the 
tibias of adrenalectomized rats were less than in pair-fed controls, although the 
length of these bones was greater in the adrenalectomized animals. APPLEBAUM 
and SEELIG (1955) noted a pronounced loss of mandibular bone supporting the 
molars in the rat after adrenalectomy. 

It seems clear that an increase in chondrogenesis after adrenalectomy reflects the 
absence of the growth-inhibiting effect of the glucocorticoids (see Chapter 7). 
Abnormalities of mineralization possibly reflect the reduction in pH of the 
extracellular fluid (see p. 79). 


€. The functions of various organs in adrenocortical insufficiency 
I. The kidney 


Renal dysfunction in adrenocortical insufficiency has been widely recognized 
but only imperfectly studied. In studies made before 1940, a number of the upsets 
occasioned by adrenalectomy, such as changes in the composition of the blood, 
were often attributed to the kidney without any measurement of renal function 
being made. From approximately 1940 onward, modern techniques for the evalua- 
tion of renal function began to be utilized by investigators of adrenocortical 
insufficiency. Although these studies yielded much information, the scope of our 
knowledge of renal function in adrenocortical insufficiency is still smaller than it 
need be; in particular, there has never been full use made of the techniques 
available for the study of renal tubular function. 

Disturbances in renal hemodynamics and in renal tubular function occur in 
states of adrenocortical insufficiency. Briefly, it has been found that glomerular 
filtration rate and renal blood flow are reduced. In addition, alterations in the reabsorptive 
and secretory activities of the renal tubular cells have been described. The investigations 
upon which these statements are based will be reported in detail in the paragraphs 
to follow. The nature of the defect (or defects) in the function of the renal tubular 
cells remains largely unknown. The transport processes within these cells ordinarily 
show fluctuations in activity in accordance with the needs of the moment for the 
maintenance of homeostasis. In adrenocortical insufficiency, the capacity of these 
processes to accommodate to the needs of the organism (e. g., to conserve sodium 
or to excrete potassium) is limited. How the kidney loses some of its ability to 
maintain the constancy of the internal environment in adrenocortical insufficiency 
remains an unanswered question of fundamental importance. 

It is unknown to what extent the distortions in the composition and volume of 
the extracellular and intracellular fluids that occur in adrenocortical insufficiency 
can be attributed to altered renal function, and to what extent extra-renal factors 
are operative in this situation. 


1. Anatomical changes 


Striking changes in the anatomy and chemical composition of the kidney are 
not consistently encountered in states of adrenocortical insufficiency. 

Few investigations have been made of the structure of the kidney in adrenal- 
ectomized animals; in these studies, some investigators have reported the 
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occurrence of degenerative changes in the kidney after adrenalectomy, while 
others have reported that no morphological alterations occur. These findings were 
reviewed by HarTMaNn and BRowNELL (1949). 

Similarly, there have been no consistent findings of alterations in renal structure 
in Addison’s disease. This was the conclusion of TaLgort et al. (1942) based upon 
their own findings and a review of the literature. SorKrin (1949) found some 
pathological changes in the kidneys of 8 of 21 patients studied. Leukocytic 
infiltration, usually in the cortex, occurred in these 8 instances. Furthermore, in 4 
of the 8, focal cortical atrophy was present and, in an additional case, subcapsular 
atrophy. 

From a consideration of all of these findings, it seems reasonable to conclude, 
as did TaLBorr et al. (1942), that the renal dysfunction that occurs in adreno- 
cortical insufficiency cannot be readily accounted for on the basis of structural 
changes in the kidney, as determined by light microscopy. In any event, functional 
changes can be detected within a day or two after adrenalectomy; it does not 
seem likely that gross anatomical lesions will have developed in this short period 
of time. It is possible, however, that the situation in some species is subsequently 
aggravated by anatomical damage (Lurr and Ss6GREN 1949). 


2. Glomerular filtration rate and renal blood flow 

Test: 

The concept that the renal clearance of an appropriate substance could be used as a 
measure of glomerular filtration was first expressed by REHBERG (1926), but underwent its 
greatest development at the hands of Hommr Smrru and his associates (H. Smrru 1951). The 
substances under study must be capable of being filtered completely at the glomerulus and 
must not be secreted or reabsorbed by the renal tubule. Of the substances meeting these 
specifications, the one most commonly employed for the measurement of glomerular filtration 
rate (GFR) is the polysaccharide inulin. If the urinary concentration of inulin is divided by its 
concentration in plasma and the result multiplied by the rate of urine formation, the GFR for 
the organism (usually expressed in ml/min) can be obtained. 


In adrenocortical insufficiency, the GFR is commonly found to be reduced. 
Representative examples of these findings are presented in Table 2. 


Table 2. The glomerular filtration rate in adrenocortical insufficiency 


GFR (ml/min) 
Species Clearance Se STO | Py vee Reference 
we rdey Control Se ae alae 
Rat Inulin | 0.332 | 0.041 | 88 | SronreR and DEexTeER (1954) 
Dog Creatinine 65 14-227 70 | Harrison and Darrow (1939) 
Dog Inulin Laz | 27 62 | Gauprno and Levirr (1949) 
Dog Creatinine 65 40 38 O. GaRrop et al. (1955) 
Man Inulin | 120 ig 36 | TavBorr et al. (1942) 
Man — Inulin _ 117 (women) 64 45 | SANDERSON (1948) 
| | 131 (men) 73 | 4)° | 
Man Mannitol | 90? (women) 50 45 | C. WarreRHOUSE and Kerourt- 
_ 1502 (men) 80 47 | MANN (1948) 


1 Per 100 g body weight (for rat only). 
2 Per 1.73 square meters of body surface. 


It is not an easy matter to determine why the GFR is subnormal in adreno- 
cortical insufficiency, for alterations in the rate at which plasma is filtered at the 
glomerulus can be produced by a variety of disturbances. It seems unlikely that 
adrenocortical hormones play any primary role in the maintenance of the normal 
GFR, since RopMMELT et al. (1949) demonstrated in the dog that for periods up to 
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3 months following adrenalectomy the GFR could be maintained at the preoperative 
level if the animals were permitted free access to salt and water. The absence of 
adrenal medullary secretions likewise does not seem to be an important causative 
factor. STONER and Dexter (1954) found the GFR to be unchanged by adrenal 
demedullation in the rat, whereas adrenalectomy, as recorded in Table 2, was 
followed by a profound drop in the GFR. It would seem that the reduction in the 
GFR is a secondary reflection of some primary disturbance produced by adreno- 
cortical insufficiency. 

In a recent review of the influence of the adrenal cortex on renal function, 
NaBarro (1956) concluded that the drop in the GFR occurring in adrenocortical 
insufficiency is caused by a number of factors. (1) Sodium depletion and the 
reduction in extracellular fluid volume are clearly contributory; the findings of 
RormmeEtr et al. (1949) cited above make such a conclusion inescapable. However, 
in adrenalectomized human beings and dogs, the GFR may be subnormal despite 
maintenance of a normal volume of extracellular fluid (MENDELSOHN and PEARSON 
1955, O. Garrop et al. 1955). (2) As the pressure that effects filtration in the 
glomerulus derives from the arterial blood pressure, the cardiovascular status of 
the organism must be considered. Later it will be shown that hypotension is a 
common finding.in adrenocortical insufficiency (p. 88ff.). It would seem unwise 
to deny that this hypotension can contribute to the reduction in the GFR, partic- 
ularly in instances such as the preterminal state when a shock-like picture may be 
seen. However, when the blood pressure and the extracellular fluid volume are 
normal but the GFR is subnormal, the possible intervention of additional factors 
must be considered. (3) Of primary importance for filtration pressure in the 
glomerulus is the effective diameter or ‘‘tone’’ of the afferent and the efferent 
glomerular arterioles (H.Smiru 1951). In general, the filtration pressure can be 
reduced by an increased tone in the afferent arteriole or by relaxation of the 
efferent vessel. In Addisonian patients having a normal blood pressure and extra- 
cellular fluid volume, TaLzBorr et al. (1942) found that the GFR was reduced more 
than was renal plasma flow. They concluded that such a finding could be a reflec- 
tion of efferent arteriolar dilation; SANDERSON (1948) came to a similar conclusion. 

In summary, the reduction in the GFR, so commonly encountered in adreno- 
cortical insufficiency, seemingly cannot be wholly accounted for on the basis 
of a single causative factor. Oligemia, hypotension and vasomotor changes within 
the kidney probably play contributory roles. As the GFR falls, the excretory 
capacity of the kidney becomes increasingly impaired. The abnormally high con- 
centrations of some substances in the blood, such as non-protein nitrogen, do 
reflect, in part, this inadequacy. 

The drop in the GFR should not be regarded as having only deleterious effects 
for the organism. As Prrrs (1952) points out, the Na* losses that occur in adreno- 
cortical insufficiency would proceed at a faster rate if the GFR were not reduced. 
THompson and Prrrs (1952) have shown that experimental reductions in renal 
arterial pressure are followed by reductions in the GFR and Na‘ excretion. As the 
capacity of the renal tubular cells to reabsorb Na* is impaired in adrenocortical 
insufficiency (see p. 74), the maintenance of a normal GFR would lead to a more 
rapid Na” depletion and the survival period might be correspondingly shortened. 

Test: 

The blood flow through the kidney can be determined by measuring the renal clearance of 
a substance subject to filtration at the glomerulus and secretion by the renal tubular cells. To 
be suitable for this purpose, the substance in question must be excreted so efficiently as to be 
essentially absent from the renal venous blood. For this measurement, p-aminohippurate, 


diodrast or diodone are commonly employed. The value obtained from such a measurement is 
an expression of effective renal plasma flow (ERPF). It is approximately 90—92% of true 
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renal plasma flow, for some of the blood entering the kidney flows through perirenal fat and 
inert tissue in the renal capsule, pelves and calyces (H. Smiru 1951); thus the clearance of 
p-aminohippurate or diodrast is less than 100% only to the extent that blood entering the 
kidney does not perfuse tubular excretory tissue. Additionally, such measurements are valid 
only when low plasma levels of p-aminohippurate or diodrast obtain; if the plasma level is 
so high as to exceed the capacity of the renal tubular cells to secrete the substance, then 
obviously the plasma will not be wholly cleared of the substance in a single passage through 
the kidney. The effective renal blood flow may be calculated by dividing the ERPF by (1 — 


hematocrit). 

In adrenocortical insufficiency, renal plasma flow has been found to be sub- 
normal. However, it is usually depressed less than is the GFR, and, as a conse- 
quence, the filtration fraction (GFR/ERPF) in adrenocortical insufficiency is 
reduced. Examples of the reduction in ERPF are presented in the following table. 


Table 3. Effective renal plasma flow in adrenocortical insufficiency 


ERPF (ml/min) 
Species | Clearance 


Reference 


of: Control Adrenocortical | % De- | 
insufficiency | crease | 
———— ee ee ee ee eee ee 
Dog | PAH! 227 110 52 GaupINno and Levitt (1949) 
Dog | PAH 159 128 19 O. Garrop et al. (1955) 
Man | Diodrast 690 465 34 TaLport et al. (1942) 
Man_ | Diodone 697 (men) 430 38 | SanppRSON (1948) 
594 (women) 347 42 
Man | PAH | 550—800 (men) 250—580 34 | C. Warernouse and Kevt- 
500—700 (women) | 250—480 39 | MANN (1948) 


1 PAH = p-aminohippurate. 


A comparison of the data in Tables 2 and 3 reveals that the depression in the 
GFR may be as much as twice the depression in the ERPF. The oligemia and 
impaired cardiovascular function of adrenocortical insufficiency no doubt are 
related causally to the reduction in the ERPF as well as to the drop in the GFR. 
The fact that the GFR is always found to be reduced somewhat more than is the 
ERPEF suggests the operation of an additional factor in the glomerulus. Not only is 
the glomerulus being perfused with less blood per unit time and at a lower pressure 
but, as noted above, both Taxsorr et al. (1942) and SanpERSON (1948) have 
suggested that the efferent arterioles are dilated to an abnormal degree. Such a 
dilation by itself could cause some decrease in GFR. 


3. Renal tubular reabsorptive and secretory activities 
a) Inorganic electrolytes 


a) Sodium. No other aspect of adrenocortical insufficiency has received greater 
attention from investigators than has the loss of sodium. Prrrs (1952) has stated, 
‘“Tnadequacy of renal tubular absorption of salt is probably the most clear-cut 
renal dysfunction in adrenal insufficiency.’” The defect seems to be resident in 
those renal tubular processes responsible for the reabsorption of sodium from the 
glomerular filtrate. 

The failure of the kidney to conserve Na* becomes evident most dramatically 
in those instances in which the onset of adrenocortical insufficiency is abrupt, as 
it is following adrenalectomy. Within a matter of a few days, perhaps sooner, the 
organism is usually in negative Na* balance. With the passage of time, the amount 
of Nat in the body becomes progressively smaller. The magnitude of the renal 
defect, in relative terms, is not a great one. It may mean a failure to reabsorb only 
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2% of the Na* filtered at the glomerulus (Prrrs 1952). In time, however, the 
cumulative effects of such losses result in a marked depletion of Na” in the body. 
In the rat, for example, within 5 to 7 days after adrenalectomy the quantity of Na™ 
in extracellular fluid and tissues is significantly reduced, as is its concentration 
(H. Wurre and Rotr 1955). The loss of Na* from blood means that insufficient 
osmotically active solute is available for the maintenance of a normal blood 
volume, and, as water is excreted with the Na”, oligemia ensues. Manifestly, more 
Na* is lost than water, for the concentration of Na‘ in extracellular fluid decreases. 
This may reflect the enhanced renal reabsorption of water that occurs in adreno- 
cortical insufficiency (see below). At the same time, the K* concentrations in some 
tissues rise (H. Wutrr and Rotr 1955) and water moves accordingly from extra- 
cellular to intracellular spaces. This means a further reduction in extracellular 
fluid volume and a further reduction in the intracellular concentration of Na” 
remaining in the tissues. The reasons for the increases in intracellular K* concen- 
trations will be discussed shortly. 

The problem of Na” losses from the body is aggravated by the loss of appetite 
usually encountered in adrenocortical insufficiency (see p. 113) as this means a 
reduced Na* intake. Many physiological upsets secondary to Na* depletion can 
be partially or wholly reversed if Na* intake is commensurate with the urinary 
losses of this ion (KENDALL 1948). Such secondary upsets are described at various 
places in this chapter and delineate clearly the widespread and serious consequences 
of the renal failure to conserve Na‘ in a normal fashion. The defect in the renal 
tubules with regard to Na* reabsorption cannot be remedied by salt supplements, 
however, and apparently reflects directly the absence of adrenocortical hormones, 
the most important of which is aldosterone. 

Sodium is probably reabsorbed from the glomerular filtrate by several renal 
tubular processes (H. SmrrH 1951). Some progress has been made in identifying 
those reabsorptive processes for Na* that are disturbed in adrenocortical insuffi- 
ciency. The work of Prrrs and his collaborators tends to suggest that the processes 
in the distal convoluted tubule are the ones that are deranged. This view is 
confirmed by the findings of VANDER et al. (1960). In the distal tubule, one 
mechanism of Na* reabsorption involves an ion-exchange reaction. The tubular 
cells secrete H* or K* into the tubular fluid; in exchange Na” is simultaneously 
absorbed by the tubular cells and restored to the extracellular fluid. The secretion 
of these two cations is subnormal in the adrenalectomized dog (Prrrs 1952). The 
decreased secretion of H* means not only that Na* reabsorption is impaired but 
also that the maintenance of acid-base balance is more difficult to achieve. This 
problem will be discussed in subsequent paragraphs. 

Prirrs (1952) held that other mechanisms involved in Na* reabsorption may 
also be affected adversely by adrenocortical insufficiency. The natriuresis that 
follows the administration of relatively large doses of Pitressin is not accompanied 
by changes in the acidity of the urine or by changes in the rate of excretion of 
ammonium ions. Pitressin, therefore, is presumably acting on other mechanisms 
than the ion-exchange reactions described above. About 80% of the Na* loss that 
follows Pitressin administration can be prevented by the prior injection of de- 
oxycorticosterone (SARToRIUS and Roperts 1949). The natriuresis produced by 
mercurial diuretics likewise seems to reflect the inhibition of Na*-reabsorptive 
mechanisms other than the ion-exchange reactions. Prrrs (1952) found that these 
Na* losses could be prevented by the prior administration of adrenocorticotropic 
hormone. Prrrs believed that these experiments suggest the existence of renal 
tubular processes for Na* reabsorption that can be inhibited by Pitressin and 
mercurial diuretics and that can be stimulated by adrenocortical hormones. 
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In terms of specifically defined renal tubular processes, one can, to date, 
implicate only the ion-exchange reactions in the Na* losses that attend adreno- 
cortical insufficiency. It is not known whether the magnitude of the depression is 
sufficient to account for all of the Na* lost. In any event, it should be appreciated 
that adrenocortical insufficiency results in only a relatively small impairment in 
the kidney’s capacity to conserve Na”. It is only with passage of time that the 
cumulative effects of this small impairment result in a state of Na* depletion that 
has serious secondary consequences. 

In states of adrenocortical insufficiency, it seems probable that the renal 
tubular mechanisms for the reabsorption of Na” are operating to the full extent of 
their somewhat impaired capacity. If a Na* load is now suddenly imposed upon 
the organism, the response of the kidney is abnormally slow. For some time after 
the imposition of the load, the kidney reabsorbs greater quantities of Na* than is 
the case when the normal kidney is faced with a similar excess of Na*. This is one 
manifestation of the kidney’s reduced capacity to preserve homeostasis in adreno- 
cortical insufficiency, and has been likened to its similar inability to excrete 
excess water rapidly (ROEMMELT et al. 1949). (See Chapter 4, Part 1, p. 542.) 
Observations of enhanced Na* reabsorption in the presence of Na* loads have 
been made in adrenalectomized dogs (KoTrkE et al. 1942, RoEMMELT et al. 1949, 
Mapsen 1955, SHare and Hari 1955), adrenalectomized rats (KELLOGG and 
Burack 1954) and in patients with Addison’s disease (WILLSON and SUNDERMAN 
1939, RErorzo-MEMBRIVES et al. 1945, BuRNuErT et al. 1953). 

The time factor in these studies appears to be an important consideration. The 
renal inability to adjust rapidly to a Na* load is most evident when hypertonic 
NaCl is administered intravenously. The normal dog may respond in this situation 
not only by decreasing its renal tubular reabsorption of Na* but also by increasing 
the GFR (SHare and Hatt 1955). The adrenalectomized dog shows a similar 
response but of smaller magnitude. Only upon the passage of a greater period of 
time will the adrenalectomized dog excrete the excess Na*~ (MApsEN 1955). If the 
Na™ load is imposed more gradually (i. e., by mouth), the difference between the 
normal response and that in adrenocortical insufficiency is less evident. The patient 
with Addison’s disease, upon gradual Na* loading, is quite capable of achieving a 
daily excretion of Na* comparable to that of the normal individual (BURNETT et al. 
1953). In this instance, the adaptation seems to occur wholly in the renal tubular 
cells, since the GFR is, if anything, slightly lowered during the period of increased 
salt intake. 

The normal individual usually displays a diurnal rhythm in certain aspects of 
renal function. A greater volume of urine and therefore a greater amount of 
inorganic electrolytes are excreted during the day in comparison with the night. 
In Addison’s disease, this rhythm may be abolished or reversed (BURNETT et al. 
1953, NABARRO 1956). 

B) Potassium. The phenomenon of ‘‘potassium retention”’ has likewise engaged 
the attention of many investigators of adrenocortical insufficiency. However, as a 
phrase, it has often been misused. In many instances, its use seems to derive from 
the finding of an increased concentration of K* in the plasma, and the phrase is 
employed as a synonym for hyperkalemia. “Potassium retention,” interpreted 
literally, means an increase in the total quantity of K* in the body. Careful 
balance studies indicate that, in certain species, the reverse can be true in adreno- 
cortical insufficiency (H. Wurre and Rotr 1955). Until these carefully designed 
studies were carried out, it was often assumed that, in adrenocortical insufficiency, 
a reciprocal relationship always obtained with regard to Na* and K*, and that the 
content of Na* in the body decreased when that of K™ increased. 
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As careful studies have not been carried out in many species, the applicability 
of the following statements is limited largely to the rat and dog. Shortly after 
adrenalectomy, two disturbances develop with regard to the distribution and 
excretion of K*. The organism loses, to some extent, its ability to regulate the 
distribution of K* between the extracellular and intracellular fluid compartments. 
It also loses, to some extent, its ability to react to hyperkalemia with an increased 
renal excretion of K*. These two impairments can account for the alterations in es 
distribution and excretion encountered in adrenocortical insufficiency, but the 
precise nature of the cellular disturbances that give rise to these impairments is 
not known. 

Very soon after adrenalectomy, the concentration of K* in the plasma begins 
to rise. In the dog, by the second postoperative day, it may have increased by as 
much as 50% (Hastrnes and CompERe 1931). In the rat, by the fifth postoperative 
day, according to one study (H. Wurrr and Rotr 1955), it rises from a normal 
value of 3.72 meq/l of extracellular fluid to 6.25. While the rats suffered, on the 
average, a net loss of 2.63 meq of Na‘ from their bodies in the first 5 days after the 
operation, they also suffered a net loss of 1.73 meq of K*. It can be seen, therefore, 
that the plasma concentration of K* can rise at a time when the rat is in negative K* 
balance. This indicates an impairment in the ability of the organism to maintain K~ 
normally and largely sequestered in intracellular fluid compartments. The increased 
K* in the urine and that in the extracellular fluid is probably derived partially 
from dietary sources and partially from tissue catabolism. In the study of H. 
Waite and Rotr (1955), body weight, in this time period, fell from an average of 
250 g to 215. Skin, muscle and viscera were all reduced in mass. The fat concen- 
tration of these tissues (expressed as g/kg of fresh tissue) was reduced 50 to 100%; 
this finding probably accounts in part for the fact that the water concentration in 
these tissues (in g/kg of fresh tissue) was elevated slightly at this time along with 
tissue concentration of fat-free solids. The concentration of K* in muscle, skin and 
viscera, if expressed in terms of meq/kg of fresh tissue or meq/100 g of fat-free 
solids, rises, but, if the concentration of K* is expressed in terms of meq/kg of 
intracellular water, it rises in muscle and viscera and falls in skin. Such changes are 
the mirror images of the alterations that occur in the water content of these 
tissues when expressed as g of water/100 g of fat-free solids. Thus, increases in the 
K* concentration of certain tissues do not necessarily mean that the organism is in 
a state of “potassium retention.” It is obviously a complex situation for, in 
adrenocortical insufficiency, the cellular content of water, fat and fat-free solids 
is subject to change and the changes are not all in the same direction for all 
tissues. While concentrations of K* are doubtless of physiological significance, it 
must be borne in mind that units of reference for concentrations (i. e., volumes, 
masses, etc.) may be changing along with the absolute K* content of a cell. 

In the study of H. Wurre and RoxF (1955) the total quantity of K* in the rat fell 
from 18.4 meq to 17.2 by the fifth day after adrenalectomy ; this finding agrees rather 
closely with the external balance data reported above and shows clearly that no 
“potassium retention” per se occurred in these animals. Renal excretion of K* 
coupled with a reduced dietary intake eventually resulted in a state of negative K* 
balance that presumably would have been even greater had the kidney possessed a 
normal capacity for secreting K*. The significance of the reduced intake is indicated 
by the fact that, in pair-fed controls, intracellular changes in Na*, Kt and water 
occurred that, in many instances, were in the same direction as those observed 
following adrenalectomy. Such animals, however, maintained normal concentra- 
tions of Na‘ and K* in extracellular fluid. The reviews of Hartman and Brown- 
ELL (1949) and Nose (1950) clearly reveal that earlier investigators were aware 
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that there was no necessary relationship between plasma K* concentration and 
the K* balance of the organism, and that the quantity of K* in a tissue could 
decrease after adrenalectomy. ‘‘Potassium retention” was not an inevitable 
consequence of adrenocortical insufficiency. Despite such findings, the specters 
of increased plasma K* concentration, increased sensitivity to K* (NoBLE 1950) 
and “potassium retention” continued to dominate the thoughts of many working in 
this field. Only with a complete understanding of adrenocortical insufficiency can 
the phenomenon of “‘potassium retention” be placed in a proper perspective. 

A true state of “potassium retention’’ can occur in adrenocortical insufficiency 
(Hixts et al. 1953), in which the total quantity of K* in the body is increased. To 
establish a positive K* balance, however, the dietary intake of K* must exceed the 
ability of the kidney to excrete this cation. 

The importance of the dietary intake of K* is indicated by the finding of 
ALLERS and KENDALL (1937) that appreciable increases in the plasma K* concen- 
tration after adrenalectomy can be prevented by restricting the intake of this 
cation. There is some evidence that cats (NOBLE 1950) and dogs (NILson 1937) will 
reject a diet rich in K* after adrenalectomy, although such a diet will be readily 
consumed by intact animals. However, if the K* is contained in some food highly- 
prized by dogs and cats, such as meat, they will eat it eagerly after adrenalectomy. 
Eventually, they may refuse all food but meat (KENDALL 1948). In such situations 
the intake of K* may be adequate for the development of a positive K* balance. 

It is not possible at this time to say precisely why the renal excretion of K™ is 
impaired in adrenocortical insufficiency. It is currently believed that urinary K~ 
is largely, if not wholly, a secretory product of renal tubular cells (MuDGE 1958). 
According to this view, K* filtered at the glomerulus undergoes virtually complete 
reabsorption ; excretion of K* is regulated by variations in the rates at which renal 
tubular cells secrete this ion. At least one such process seems to be impaired in 
adrenocortical insufficiency. As noted above, an ion-exchange mechanism whereby 
Na* is reabsorbed from the tubular fluid and K* secreted in exchange operates 
subnormally in adrenocortical insufficiency (Prrrs 1952). It is not known if this 
mechanism is depressed to an extent that could account wholly for the inability 
of the kidney to excrete K* at a normal rate. Other secretory processes for K™, as 
yet unidentified, may also be implicated. It should be noted that there is no total 
loss of the ability to excrete K*. When there is a reduced intake of K™, the kidney is 
still able to excrete K* to an extent that will permit the development of a negative 
K* balance. In the words of Prrts (1952), ‘“No single discrete renal function present 
in the normal animal is absent or lost in the adrenalectomized animal or in the 
patient with Addison’s disease. The adrenal cortical hormones merely modify 
rates of certain processes which proceed whether the hormones are present or 
not.” 

Normally, the organism preserves the K* concentration in extracellular fluid 
within certain physiological limits. The excretory defect of adrenocortical insuffi- 
ciency accounts, in part, for the hyperkalemia encountered in this state. It is to 
be doubted, however, that hyperkalemia per se is cause of death in many species 
(HarTMAN and BROWNELL 1949, NoBLE 1950). 

y) Inorganic anions. The Na* losses that occur in adrenocortical insufficiency 
require the loss of equivalent amounts of anions. The two most prevalent inorganic 
anions in extracellular fluid are chloride and bicarbonate ions, and it is these 
anions that are found in the urine in the greatest quantities in adrenocortical 
insufficiency (HARTMAN and BRowNELL 1949, NoBi# 1950). 

Conversely, there is usually a small increase in the plasma concentrations of 
sulfate and phosphate (HARTMAN and BrowNneEi 1949, Nosie 1950). Both of 
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these anions are subject to glomerular filtration and, to a limited extent, are 
reabsorbed from the filtrate by renal tubular cells (H. Smrru 1951). A number of 
factors probably contribute to the increased plasma concentrations of these ions 
in adrenocortical insufficiency. A decreased volume of extracellular fluid coupled 
with a reduction in the GFR would be contributory. In addition, the continuing 
process of cellular catabolism probably more than makes up for the urinary losses 
of phosphate, by the release of anion originally contained in intracellular fluid. 
One may infer from the scanty evidence available that the tubular reabsorptive 
processes for these anions are not seriously disrupted by adrenocortical insufficiency. 


b) Water 


The failure to excrete excess water at a normal rate has been widely studied in 
adrenalectomized animals and in patients with Addison’s disease. When a water 
load is administered by mouth to such subjects, it is excreted at a markedly 
subnormal rate (GAuNT 1951). Most of the water is eventually excreted but the 
organism has been exposed to the risk of water intoxication for a dangerously long 
period of time. This danger exists because the lag in the absorption of water from 
the intestinal tract that occurs in adrenocortical insufficiency is not large enough 
to explain the delayed diuretic response (SHIPLEY 1945, SLussor 1951, Gaunt 
1951, NaBarro 1956). After the bulk of the water has been absorbed into the 
body, there follows a period in which the minute urine volume is low, hemodilution 
occurs and the risk of excessive intracellular hydration is great. It is in this period 
of time that the normal kidney would markedly increase its output of urine. In 
adrenocortical insufficiency, the renal response is slow and the period of danger is 
protracted. 

It is currently believed that the most important factor in the delayed excretion 
of water in adrenocortical insufficiency is sluggishness of response on the part of 
the kidney. The reductions in the GFR and ERPF mentioned above doubtlessly 
interfere with an increase in the flow of urine but, within limits, they do not seem 
to be critical factors. There is no good correlation between reduction in the GFR 
and the extent to which the diuretic response to water is decreased (LoTSPEICH 
1949). Furthermore, adrenocortical hormones can exert a favorable response upon 
water diuresis without markedly increasing the GFR (NAaBARRO 1956, KLEEMAN et 
al. 1959). The principal disturbance seems to be in the renal tubular cells. When a 
water load 1s imposed, these cells do not seem to be able to decrease the rate at which 
they reabsorb water as rapidly as do normal tubular cells. Hence diuresis is delayed. 
Two explanations of this phenomenon have been offered. 

(1) The antidiuretic hormone (ADH) of the neurohypophysis is responsible 
for the delay. In adrenocortical insufficiency, the kidney becomes unusually 
sensitive to the effects of ADH, or the rate of inactivation of this hormone is 
reduced. In any event, a relative or absolute excess of ADH is present. As adreno- 
cortical steroids normally promote water diuresis while ADH opposes it, hormonal 
imbalance occurs in adrenocortical insufficiency. One manifestation of this im- 
balance is a delayed excretion of water (Gaunt et al. 1949, Gaunt 1951, Stussor 
1951, GinsBurG 1954, Dramonp 1956). In opposition to this concept are the find- 
ings that blood levels of ADH are not increased after adrenalectomy in the rat 
(AMES and vAN DyKE 1952), nor are the blood levels of antidiuretic substances in 
patients with Addison’s disease correlated with the ability to excrete water (CHAL- 
MERS and Luwrs 1951). When normal and adrenalectomized rats are exposed to 
an ambient temperature of 35°, increases in the blood concentrations of anti- 
diuretic substances occur in both types of animals and the responses are in- 
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distinguishable (IK. Roprnson and MacrarLaNne 1956). In the patient with 
Addison’s disease, the renal sensitivity to ADH and the duration of its effect is 
unaffected by doses of cortisone that make possible a normal diuretic response to 
water loads (CHALMERS and LEwts 1951). 


(2) Adrenocortical hormones like cortisol are thought to decrease the perme- 
ability of the renal tubular epithelium to water (Rarsz et al. 1957, KLnEMAN et al. 
1958, 1959). When a water load is imposed, a normal organism presumably 
increases its output of adrenocortical hormones. They, in turn, act upon renal 
tubular cells in such a way that the rate of reabsorption of water is reduced and the 
minute urine volume increases accordingly (CHALMERS and Lewis 1951, NABARRO 
1956). In adrenocortical insufficiency, rapid changes in the permeability of the 
renal tubular epithelium to water are not possible. 


It is not easy at this time to decide which concept has the greater merit. The 
concept involving ADH has been somewhat vitiated by the findings reported 
above, and by the criticism that some of the important supporting data were 
obtained under inappropriate experimental conditions or by the use of unsatisfac- 
tory bioassay methods for ADH (NaBarro 1956). The ‘“‘permeability’ concept, on 
the other hand, suffers from a lack of evidence. It seems a likely explanation for 
the delayed diuresis but has not, as yet, been firmly buttressed by experimental 
findings. 

c) Acid-base balance 


As the pH of the urine rarely falls below 4.5, the organism can excrete excess 
hydrogen ions only to a limited extent in the form of strong acid; they must be 
incorporated largely into salts of strong or weak acids. This is made possible by 
renal tubular processes that secrete hydrogen ions or ammonia. A concomitant 
event in these reactions is the reabsorption of Na*. These ion-exchange reactions 
are adversely affected by adrenocortical insufficiency. Accordingly, there is a 
contemporaneous impairment in Na‘ reabsorption and the regulation of acid-base 
balance. 


In adrenocortical insufficiency, the pH of the blood is commonly lower than 
normal and the pH of the urine higher. A number of factors contribute to this 
derangement of acid-base balance. Altered tissue metabolism and cellular ca- 
tabolism may result in the release of abnormally large quantities of “‘fixed” acid 
into the extracellular fluid. Bicarbonate ions are displaced from their association 
with Na‘ so that the ‘‘fixed”’ acids may be neutralized, and the pH of extracellular 
fluid falls as a consequence. A normal kidney would be able largely to compensate 
for these changes. In adrenocortical insufficiency, however, disturbances in renal 
tubular function limit the ability of the kidney to combat acidosis. 


The carbonic acid-bicarbonate system constitutes an important buffer in 
extracellular fluid. The integrity of this system depends upon the efficient renal 
reabsorption of bicarbonate ions and the normal operation of other renal acidifica- 
tion mechanisms. Preliminary to the reabsorption of HCO, , renal tubular cells 
must synthesize H,CO, from CO, and H,0. This reaction is catalyzed by the enzyme 
carbonic anhydrase; from the response to acetazoleamide, it has been concluded 
that the activity of this enzyme is not impaired in adrenocortical insufficiency 
(Hamwr and Brown 1956). The H,CO, dissociates to HT and HCO, . The H” is 
secreted by the renal tubular cells into the tubular lumen in exchange for the Na* 
in NaHCO, filtered at the glomerulus. This exchange reaction occurs at a subnormal 
rate in adrenocortical insufficiency ; the inability of the kidney to secrete hydrogen 


1 The term ‘‘fixed” acid refers to those other than carbonic acid, i.e., nonvolatile. 
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ions for this purpose is probably one of the fundamental reasons for the reduction 
in the body’s content of bicarbonate in adrenocortical insufficiency (SARTORIUS et 
al. 1952). 

nee acidification of the urine involves similar renal tubular processes for H” 
secretion. Again the requisite preliminary step is the formation of H,CO, within 
the renal tubular cell with the aid of carbonic anhydrase so that a supply of H”™ is 
made available. The secretion of such ions permits the conversion of Na,HPO, 
within the tubular fluid to NaH,PO,. Thus H* is excreted and simultaneously Na” 
is reabsorbed. The Na” is restored to the extracellular fluid in association with the 
HCO, formed in the renal tubular cell. This process may be severely depressed in 
adrenocortical insufficiency (DuMM et al. 1955). Sartorius et al. (1953) found that 
the ability of the adrenalectomized rat to excrete titratable acid in the urine 
amounted to but 15 to 25% of that of the normal animal. 


A third renal defense against systemic acidosis involves the formation of 
ammonium ions. Again, the preliminary formation of H,CO, with the aid of 
carbonic anhydrase appears to be mandatory. Additionally, the renal tubular 
cells must produce ammonia. This may be obtained by the deamidation of glut- 
amine. This acidification mechanism comes into play to compensate for the presence 
of strong acids in the body. Such acids form Na* salts in the body that are filtered 
at the glomerulus. The secretion of H* by the renal tubular cells converts such 
salts into strong acids. Simultaneously, Na” is reabsorbed and returned to extra- 
cellular fluid as NaHCO,. The strong acids, in turn, react with ammonia secreted 
by the renal tubular cells and are excreted as ammonium salts in the urine. 


Amino acids (such as alanine and glutamic acid) are deaminated oxidatively 
by the kidney less rapidly after adrenalectomy in the rat (RUSSELL and WILHELMI 
1941). In this finding we may have the explanation as to why the adrenalectomized 
rat excretes ammonia at only 50 to 60% of the normal rate (SARTORIUS et al. 1953). 


Thus it appears that the acidosis that may occur in adrenocortical insufficiency 
cannot be antagonized effectively by the kidney because the renal tubular cells 
cannot secrete hydrogen ions and ammonia (HaArRIs et al. 1952) at normal rates. 
Concomitantly, Na* conservation is impaired, since both Na* and H* participate 
in common ion-exchange reactions. 


d) Organte substances 


The concentration of certain organic substances in the blood may be altered 
by adrenocortical insufficiency. In particular, the azotemia so often observed in 
this state has been the subject of many studies. In adrenalectomized animals 
otherwise untreated, the blood levels of non-protein nitrogen (comprised largely of 
urea) serve as a fairly accurate index of the severity of the insufficiency (NOBLE 
1950). Following adrenalectomy, there is usually a steady rise in the blood concen- 
tration of urea throughout the survival period (NoBLE 1950). Several factors 
contribute to the development of this condition. The non-protein nitrogen in the 
extracellular fluid is probably being augmented constantly as a result of cellular 
catabolism, and reductions in the ERPF and the GFR lead to a reduction in the 
rate at which urea and other nitrogenous substances are filtered at the glomerulus. 
However, the concentration of these substances in the blood of an adrenalectomized 
dog rises even though the GFR is normal (H. Wurrs et al. 1949). These studies were 
made in dogs maintained on deoxycorticosterone acetate, and in which the urea 
clearance: inulin clearance ratio remained normal. One must conclude, however, 
that the origin of the azotemia in adrenocortical insufficiency remains a matter for 
speculation. 
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The conservation of certain physiologically important organic substances, such 
as glucose and amino acids, is accomplished by processes of renal tubular reabsorp- 
tion. It is believed that such processes are active transport systems that consume 
energy ; they are limited with regard to the amount of solute that can be reabsorbed 
from the tubular fluid in any period of time. This limitation is represented by the 
concept of a tubular “transfer maximum,” or Tm (H. Smrrx 1951). The values for 
the Tm of any substance are usually expressed in mg/min. The mechanisms underly- 
ing these rate-limited transport processes are not known but are currently under 
intensive investigation (‘TacGarr 1958). Little is known of the impact of adreno- 
cortical insufficiency upon these active reabsorptive processes. It is known only 
that, in Addison’s disease, the Tm for glucose is reduced (TaLBorr et al. 1942, 
SANDERSON 1948). 


The renal tubular cells are likewise capable of secreting a number of organic substances 
into the tubular fluid. These processes are also believed to be active transport systems for 
which a Tm can be determined. The capacity of the renal tubular cells to secrete certain organic 
substances is not known to have any physiological significance. Nevertheless, the Tm for such 
substances as diodrast or p-aminohippurate can serve as a measure of the quantity of functional 
tubular tissue (H. Smirx 1951). 

The maximal rate at which diodrast (Tmp) or p-aminohippurate (Tmp,;;) is 
secreted in adrenocortical insufficiency is usually, but not always, found tobe 
reduced. The Tmpay, may be reduced in the rat as soon as one day after adrenal- 
ectomy (FRIEDMAN et al. 1948). The findings of Gaup1Ino and Levirr (1949) 
indicate that, following adrenalectomy in the dog, the Tmp,y may be 50% of 
normal. TaLBorr et al. (1942) found the Tmp in patients with Addison’s disease to 
be only slightly subnormal, while SANDERSON (1948) found, in his patients, the 
Tm, was 61 to 92% of normal. C. WATERHOUSE and KEUTMANN (1948) found the 
Tmp,y to be subnormal in female Addisonian patients, whereas it was normal in 
males unless hypertensive disease had previously developed. However, hypertensive 
disease may itself be characterized by a reduction in Tmpay so the contribution of 
Addison’s disease to the subnormal Tm ),}; in these men cannot be assessed easily 
(H. Smirx 1951). 


From the data above, it would seem (1) that a reduction in the secretory Tm 
occurs more readily in acute adrenocortical insufficiency after adrenalectomy than 
when the onset is more gradual, as it is in Addison’s disease; or (2) that changes of 
secretory Tm in adrenocortical insufficiency are a function of species. A reduction 
in the secretory Tm may be brought about in several different ways. There may be 
a true reduction in the mass of secretory tubular tissue in the kidney (as in the 
instance of some localized destructive process) or there may be a generalized 
reduction in the secretory activity of all of the renal tubular cells. A reduction in 
secretory Tm will also follow a reduction in renal blood flow of sufficient magnitude. 
In this instance, the tubular secretory processes may be capable of achieving normal 
rates of transport, but renal blood flow is inadequate and the supply of diodrast or 
p-aminohippurate presented to the tubular cells per unit time is insufficient for the 
attainment of a normal Tm. In adrenocortical insufficiency, the ERPF is usually 
subnormal, as indicated earlier, and may account largely, if not wholly, for the 
reductions in Tm reported above. 

Appis et al. (1950) studied spontaneous and induced proteinurias in the rat 
before and after adrenalectomy. The male rat spontaneously excretes protein at a 
rate that is about twice that of the female. Adrenalectomy (with subsequent 
maintenance on saline) did not affect the spontaneous proteinuria in females but 
effected a 50% reduction in proteinuria in males. In both sexes, after adrenal- 
ectomy, the excretion of human serum albumin, injected intraperitoneally, was 
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reduced to 5 to 10% of normal. In all instances, these animals were maintained on 
saline and so, presumably, the GFR andthe ERPF were maintained within normal 
limits (FRIEDMAN et al. 1948, LorspErcH 1949). It does not seem likely that slowed 
absorption from the injection site would account for such a gross secretory defect. 
The reduction in protein excretion after adrenalectomy could represent a decrease 
in the filtered load of protein or enhanced tubular reabsorption. 


4. Alterations in extracellular fluid: renal and extra-renal factors 


In the preceding paragraphs some of the distortions in the composition and 
volume of extracellular fluid that occur in adrenocortical insufficiency have been 
described. Some of the earlier investigators held that such distortions were wholly 
a reflection of renal dysfunction (Lons et al. 1933, Harrop et al. 1933.a). While not 
denying the presence of renal dysfunction, other investigators (e. g., SWINGLE et al. 
1936b) felt that adrenocortical hormones also regulate the distribution of water 
and electrolytes between the extracellular and intracellular fluid compartments. 
They suggested that some of the distortions in extracellular fluid that occur in 
adrenocortical insufficiency must be attributed to the absence of this hormonal 
regulation. Observations in adrenalectomized animals indicated that shifts of Na”, 
K* and water between the fluid compartments take place that cannot be explained 
wholly on the basis of renal intervention. For example, adrenalectomized dogs, 
adjudged to be in states of severe insufficiency on the basis of the composition of 
extracellular fluid, showed within 48 to 60 hours after the administration of 2 «- 
methyl-9 «-fluorocortisol, restoration of normality in the composition of the 
extracellular fluid even though deprived of food and water (SWINGLE et al. 1957). 
Not only were the plasma concentrations of Na* and K* restored to normal but 
also plasma volume (SWINGLE et al. 1959). Not all of the adrenocortical steroids 
are alike in their ability to effect such shifts of water and electrolytes. The so- 
called glucocorticoids, such as cortisol, are most potent in this respect. Aldosterone, 
a so-called mineralocorticoid, is less effective, particularly with regard to the 
restoration of a normal plasma volume; it is presumed to act primarily upon the 
kidney (SWINGLE et al. 1959). It is the view of SwWINGLE et al. (1959) that, in 
adrenocortical insufficiency, the content of Na* and water in extracellular fluid is 
reduced not only because of urinary losses but also because Na* and water move 
from extracellular to intracellular fluid; such Na* and water re-enter the extra- 
cellular fluid when appropriate adrenocortical hormones are administered. 


These views have been supported by other experimental evidence. FLANAGAN et al. (1950) 
showed that, following adrenalectomy in the dog, more Na* was lost from extracellular fluid 
than can be accounted for by the excretory losses of this ion. When deoxycorticosterone acetate 
was administered to these animals, the increase in the quantity of Na* in extracellular fluid 
was greater than the dietary intake would provide. GaupDINO and Levirt (1949) reported that 
a marked increase in the volume of intracellular fluid occurs following adrenalectomy in the 
dog. In studies upon patients subjected to subtotal adrenalectomy, H1L1s et al. (1953) likewise 
presented evidence for the internal transfer of Na* and water. They concluded, “‘.. . external 
loss of sodium and chloride appears to be overshadowed by the internal transfers of these ions 
which accompany the condition.” In extensive studies on adrenalectomized and nephrecto- 
mized rats, WoopBuRy (1953) likewise concluded that,‘‘ ... adrenocortical hormones influence 
electrolyte metabolism in all tissues of the body, and that this influence is exerted independently 
of the known effects of these hormones on the kidney.’ Additional evidence is to be found in 
the reports of STERN et al. (1951), LeprnaHam (1954) and Lurr et al. (1954). 


The available evidence indicates strongly that adrenocortical hormones regulate the 
distribution of certain ions within the body. In particular, they appear to play an 
important role in the maintenance of Na* as the predominant inorganic cation of 
extracellular fluid and K* as the predominant cation of intracellular fluid. The 
situation with regard to water shifts is less clear. Conventionally, it is assumed that 
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shifts in water between extracellular and intracellular fluid passively follow shifts 
in ions. Evidence suggesting that adrenocortical hormones can effect shifts in 
water independent of shifts in ions is present in the experiments cited above, but 
it is less than decisive. 

Some of the experiments devised to study the regulatory effects of adreno- 
cortical hormones upon the distribution of inorganic electrolytes within the body 
have resulted in the creation of some knotty problems. In the main, these problems 
relate to the quantity of Na” within the body and its distribution between extra- 
cellular and intracellular fluid during adrenocortical insufficiency. For example, 
there is the matter of the “missing sodium.” FLANAGAN et al. (1950) reported that 
more Na’ is lost from extracellular fluid after adrenalectomy in the dog than can 
be accounted for by excretory losses of this ion. [This finding posed a problem, 
since often (H. Wuirr and Ror 1955) but not always (GROLLMAN 1954) the Na* 
content of soft tissues decreases after adrenalectomy. |] The explanation FLANAGAN 
et al. (1950) offered was that perhaps the ‘“‘missing sodium”’ could be found in bone. 
While it can be demonstrated that some of the Na* in bone is exchangeable and 
not wholly inert (STERN et al. 1951, G. Nicnors and Nicuors 1956), it has also 
been found that, in adrenocortical insufficiency, the Na‘ in bone is reduced (STERN 
et al. 1951, H. Warr and Rotr 1955). As the “missing sodium” apparently does 
not reside in intracellular spaces, the possibility must be entertained that it 
represents a miscalculation. To determine the quantity of Na* in extracellular 
fluids, some measure of the volume of this space must be made. A number of 
compounds, such as mannitol, inulin, thiocyanate and sucrose, have been employed 
to measure the extracellular space. They must be utilized properly and with a full 
awareness of possible error; such an awareness was possibly not present in all of 
the studies reported above. For example, not all of the normal channels of perfusion 
may have been open. The possibility of capillary stasis in adrenocortical insuffi- 
ciency was pointed out many years ago (REMINGTON 1940). In such a situation, a 
substance like inulin might not be distributed throughout the entire volume of 
extracellular fluid. Consequently, the calculated volume of extracellular fluid, and 
the calculated total quantity of Na‘ contained therein would be erroneously small. 
It is possible that errors in technique or the existence of closed perfusion channels 
can account for the “missing sodium” reported in studies upon dogs and human 
beings. It is of great interest that Ror et al. (1959), using sucrose to measure the 
volume of extracellular fluid, reported that, in adrenalectomized rats, the loss of 
Na* from extracellular fluid very closely approximates the excretory losses of this 
ion. Furthermore, NETRAVISESH and Wuites (1953) reported that the amount of 
Na* lost by adrenalectomized dogs during a period of adrenocortical insufficiency 
closely approximated the amount retained upon subsequent replenishment and 
recovery. In adrenocortical insufficiency, Na* does not move into cells, but rather 
loss of intracellular Na* usually occurs. This, coupled with the studies reported 
above in which the Na* lost from extracellular fluid is wholly accounted for in 
excretory losses, makes it seem likely that no significant quantity of “missing 
sodium” exists. It is possible that the findings of SwrNGLE and his co-workers can 
be explained without the postulate of shifts of Na” into the cells. A not-inconsider- 
able quantity of Na* still remains in intracellular fluid after adrenalectomy (GROLL- 
MAN 1954, H. Wurre and Rotr 1955). Even with no dietary intake of Nat, it may 
be possible to increase the Na* in extracellular fluid by the administration of 
appropriate adrenocortical hormones that will effect the movement of N a’ from 
intracellular to extracellular fluid. This would entail an even greater depletion of 
the intracellular content of Na*. An omission in the studies of SWINGLE is any 
assessment of intracellular Na* before and after hormonal administration. 

6* 
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In conclusion, from the foregoing data it can be seen that the distortions in the 
volume and composition of extracellular fluid that occur in adrenocortical in- 
sufficiency are the resultant of two disturbances: (1) renal dysfunction and (2) some 
loss of the ability to regulate the distribution of electrolytes and water between 
extracellular and intracellular fluid. It is not possible to say which disturbance is 
of the greater consequence. 


II. Cardiovascular system 


The disturbances in cardiovascular function that occur in adrenocortical 
insufficiency are numerous. In the view of some (SWINGLE et al. 1959), death in 
adrenocortical insufficiency results primarily from circulatory collapse. 

It has been known for some time that, in adrenocortical insufficiency, the heart 
is small in size and its beat feeble (ADDISON 1849); it seems unable to react normally 
to increases in venous return or to increases in systemic arterial pressure. The blood 
volume is reduced, as is peripheral vascular resistance; hypotension 1s commonly 
present. The distinctly abnormal status of the circulation in adrenocortical in- 
sufficiency is a reflection of the collective impact of these disturbances. There is 
little or no dispute today about the findings listed above, and they have been 
thoroughly treated in previous reviews (SWINGLE and REMINGTON 1944, HARTMAN 
and BROWNELL 1949, NoBLE 1950, 1955, RamEy and GOLDSTEIN 1957). Controversy 
presently centers about attempts to explain the origins of these disturbances, 
especially the alterations in vasomotor function. In the paragraphs to follow, an 
attempt will be made to present the various pertinent findings in these matters. 


1. The heart 
a) Anatomical changes 


«) Heart size. The size of the heart is commonly found to be subnormal in 
untreated cases of adrenocortical insufficiency. This decrease can be visualized 
during life by the use of roentgenographic techniques (THORN et al. 1942, Reminea- 
TON 1951). It is ikewise a common finding at autopsy. In Addison’s disease the 
heart is almost always found to be smaller than normal (THORN 1951). However, 
in patients receiving hormonal therapy (particularly deoxycorticosterone) prior 
to death, the heart may be abnormally large (SoMERVILLE et al. 1951). 

In adrenalectomized dogs, G. Hatn and CLEGHORN (1938) found dilatation of 
the right half of the heart, and described the organ as being soft and flaccid. In the 
same species, REMINGTON (1951) and BRown and ReminaTon (1955) described the 
heart at death as being “small and fixed.’ Within one week after adrenalectomy 
of rats, N. Sotomon et al. (1959) found that the dry weight of the heart had 
decreased by 10%. 

RAMEY and GoLDsTEIN (1957) concluded that the decrease in the size of the 
heart after adrenalectomy may reflect ‘‘a chronic diminution of tonic autonomic 
stimuli to the heart.” 

B) Pathological anatomy. Except for descriptions of size and weight, the 
anatomy of the heart in adrenocortical insufficiency has not been thoroughly 
investigated. With respect to Addison’s disease, the few studies available were 
reviewed by SOMERVILLE et al. (1951); these reports indicate that, upon autopsy, 
many hearts were found to be normal. Except for “brown atrophy,’ no one 
pathological finding was consistently encountered in the abnormal hearts; many 
of the lesions described were deemed to be incidental in occurrence and unrelated 
to Addison’s disease. In patients receiving deoxycorticosterone prior to death, 
focal myocardial necrosis was a common finding (SoRKIN 1949) 
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G. Hatt and CLecHorN (1938) did an intensive study of the heart in dogs that 
had died from adrenocortical insufficiency. Upon the surface of the heart they 
observed both congested areas and pale infarcted areas. They could detect 
subendocardial hemorrhages and, occasionally, subepicardial hemorrhages. In 
some medium and small arteries, the endothelial lining was broken or absent, and 
there was evidence of edema in the walls. Some coronary arteries were completely 
occluded by thrombi, and in others spasm could be seen. Capillary congestion was 
described as being wide-spread. These findings were not compared with those 
occurring in dogs dying from other causes. 


b) Electrocardiogram 


The electrical activity in the heart is commonly found to be abnormal in 
adrenocortical insufficiency. The alterations in the electrocardiogram are usually 
observed to become progressively greater as the severity of the insufficiency 
increases. 

In the adrenalectomized dog, bradycardia is observed (NICHOLSON and SOFFER 
1935, G. Hatt and CLecHorN 1938, Reminecron 1951, RopErts 1952); in many 
dogs, the heart rate was found to be less than 65 beats per minute, and rates below 
40 were not uncommon (NICHOLSON and SorrEeR 1935, G. Hatt and CLEGHORN 
1938). There is some dispute as to how much this bradycardia reflects vagal 
dominance of the heart. Remrnaron (1951) believed that it is a manifestation of a 
“prominent and unopposed vagal reflex,’’ since he found that vagotomy reverses 
the bradycardia. G. Hatt and CLEGHORN (1938), however, found that the heart 
rate increases for only a few minutes following the administration of atropine to 
adrenalectomized dogs and then returns to its initial low rate. 

According to Ropers (1952), the first alteration in the electrocardiogram 
following adrenalectomy of the dog is an increase in the height of the T wave: this 
change occurs while serum concentrations of Na* and K* are still normal. The 
duration of the T wave may then become shorter (SWINGLE et al. 1952) or longer 
(RopERts 1952). The S—T segment becomes depressed (SWINGLE et al. 1952). The 
P wave becomes progressively flatter and may disappear entirely (NICHOLSON and 
Sorrer 1935, Roperts 1952, SwInGLeE et al. 1952). The disappearance of the P 
waves and the appearance of ‘‘f’” waves (G. Hatt and CLEGHORN 1938) have been 
interpreted as manifestations of auricular fibrillation (NICHOLSON and SOFFER 
1935). The remaining ventricular complexes may become irregular in shape and 
rhythm (NIcHOLSON and SorreR 1935, Roperts 1952). G. Hatt and CLEGHORN 
(1938) felt that the ventricular complexes gave evidence of marked myocardial 
ischemia. 

Following adrenalectomy of the golden hamster, bradycardia ensues, the T wave 
becomes flatter and may be inverted, and the Q—T interval is prolonged (WYMAN 
et al. 1953 a). 

The electrocardiographic findings in Addison’s disease have been reviewed by 
SoMERVILLE et al. (1951). In a study of 90 patients, the electrocardiogram was 
found to be normal in half of the cases and abnormal in the other half. The most 
common findings were flattening or inversion of the T wave, prolongation of the 
Q—T, P—R and QRS intervals, and depression of the RS—T segment. However, 
the authors did not feel that there is any specific electrocardiographic pattern for 
Addison’s disease. 

The alterations in the electrocardiogram that occur in adrenocortical insuffi- 
ciency have most often been attributed to changes in the concentrations of 
electrolytes in extracellular fluid, particularly the increases in K* (NicHoLson and 
Sorrer 1935, RoBERTS 1952, SwINGLE et al. 1952, WyMaN et al. 1953a). While it 


86 The functions of various organs in adrenocortical insufficiency 


is true that the alterations reported above are similar to those encountered in 
instances of hyperkalemia without adrenocortical insufficiency (ROBERTS 1952), it 
is of interest that DaVanzo et al. (1958) observed that electrocardiographic 
alterations persist in the adrenalectomized dog after plasma K* levels have been 
returned to normal by replacement therapy. At this time, however, plasma Mg?* 
concentrations are still elevated; these authors felt that Mg?* is implicated in the 
electrocardiographic disturbances of adrenocortical insufficiency. Since cortisone 
usually effects some improvement in the electrocardiogram of the patient with 
Addison’s disease whereas deoxycorticosterone does not, SOMERVILLE et al. (1951) 
attributed the alterations in electrical activity to disturbances in carbohydrate 
metabolism. Since many biological effects are exerted by cortisone, such reasoning 
has its limitations. It is of interest to note that no correlation between abnormality 
of heart size and normality or abnormality of electrocardiogram could be demon- 
strated in Addison’s disease (SOMERVILLE et al. 1951). 


c) Cardiac output 


The findings of bradycardia and a decrease in heart size in adrenocortical 
insufficiency would lead one to expect that there would be a contemporaneous 
reduction in cardiac output. In the adrenalectomized rat, cardiac output has been 
found to be only 60 to 70% of that of the intact animal (HoELSCHER 1954, N. SoLo- 
MON et al. 1959). In the adrenalectomized dog the cardiac index (cardiac output per 
square meter of body surface) is reduced to 75% of the value obtained in intact 
animals (REMINGTON 1951). 

Cardiac output is the product of heart rate and stroke volume, and the effects of 
adrenocortical insufficiency wpon these two factors must be discussed separately. In 
the adrenalectomized rat, the heart rate is actually slightly elevated at a time when 
cardiac output is significantly reduced (HOELSCHER 1954). In the adrenalectomized 
dog, however, a profound bradycardia may occur (see above). Moreover, the heart 
rate is not increased by substances like epinephrine and norepinephrine that 
produce a tachycardia in intact dogs (BRowN and REmineTon 1955). It seems 
likely that the reduction in cardiac output in the dog may be attributed, in part, 
to bradycardia. The situation in other species is unanalyzed. 

Stroke volume may be influenced by a number of factors: heart rate, the rate of 
return of blood to the heart, ventricular distensibility and the force of the ventric- 
ular contraction. From the evidence available, it seems unlikely that stroke 
volume is generally limited in adrenocortical insufficiency by a rapid heart rate, 
although rapid rates are observed occasionally (REMINGTON 1951).Conversely, in the 
adrenalectomized dog, the heart has been observed actually to become smaller in 
size as the length of the cycle increased (REMINGTON 1951). 

The irregularities in cardiac rhythm detected on the electrocardiogram after 
adrenalectomy in certain species (see above) might well result in a reduction in 
stroke volume. An abnormal spread of the wave of excitation over the ventricle or 
the influence of ectopic foci within the ventricle could result in myocardial 
contractions wholly or partially ineffective with respect to the ejection of blood 
from the ventricle. As simultaneous measurements of electrical and mechanical 
events within the heart have rarely been made, it is difficult to know if the pump- 
ing capacity of the heart is markedly impaired before serious abnormalities can 
be seen in the electrocardiogram. In the terminal stages of adrenocortical in- 
sufficiency in the dog, both electrical and mechanical events within the heart are 
markedly abnormal (G. Haut and CLeaHorn 1938, REMINGTON 1951). 

No direct measurements have been made of venous return in states of adreno- 
cortical insufficiency. It might well be reduced if oligemia and pooling of blood in 
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peripheral beds (see p. 92) are present. Despite maintenance of a normal plasma 
volume, HrcuTer (1945) found that, upon exsanguination, a subnormal volume 
of blood is obtained from adrenalectomized rats that have been maintained on a 
1% NaCl solution. He attributed this reduction in “bleeding volume” to reductions 
in venous return and cardiac output. Venous pressure may be abnormally high in 
the adrenalectomized dog at a time when cardiac output is reduced (REMINGTON 
1951). This observation suggests that cardiac output is unable to keep up with 
venous return. 

The reduction in heart size in adrenocortical insufficiency suggests that the 
chambers of the heart are less distensible. Such a change in the relaxation curve 
of the ventricle (BRowN and Remineton 1955) would definitely limit stroke 
volume. A reduction in cardiac distensibility seems to occur in adrenocortical 
insufficiency but the cause is unknown. 

Several investigators have attributed certain findings in adrenocortical 
insufficiency to a decreased force of myocardial contraction. FowLER and CLEG- 
HORN (1942), for example, attributed the weaker pressor responses to Pitressin and 
BaCl, in adrenalectomized cats to an inability to maintain cardiac output in the 
presence of an increased systemic blood pressure. The fact that a normal pressor 
response to epinephrine was obtained was attributed to the cardiotonic effects of 
this agent. Additional indirect evidence can be derived from the finding of a 
decrease in heart size. Should this decrease impose a sufficiently great reduction 
upon diastolic volume in the heart, then, by Starling’s Law of the Heart, the force 
of myocardial contractions would be reduced correspondingly. 

In a heart-lung preparation, one may regulate the venous pressure and the 
resistance offered to the ejection of blood by the left ventricle. N. Sotomon et al. 
(1959) made heart-lung preparations of both intact and adrenalectomized rats 
that had been maintained on saline for 2 to 3 weeks postoperatively. They calcula- 
ted a left-ventricular work index (expressed in g-meters/100 mg dry wt of heart) 
that measured systemic, but not coronary, perfusion. At a mean arterial pressure 
(or resistance) of 80 mm of Hg, the left-ventricular work index in the adrenal- 
ectomized rat was 28% of that of the intact rat; at a mean arterial pressure of 
110 mm of Hg, it was only 11%. Such findings indicate that the pumping capacity 
of the left ventricle is severely impaired by adrenalectomy in the rat. Such an 
impairment could reflect a limited myocardial distensibility that would limit 
diastolic volume and hence the force of myocardial contraction. It might also 
reflect myocardial asthenia; in this instance, for any given diastolic volume the 
force of myocardial contraction would be abnormally weak. This situation would 
be represented by a downward shift in the conventional plot of the force-volume 
curve for the heart. It is possible that both of these aberrations occur in the heart 
after adrenalectomy ; the scanty evidence available favors the former explanation. 
N. Sotomon et al. (1959) reported that a period of at least 2 weeks must elapse 
between adrenalectomy and testing before a significant reduction in work capacity 
can be demonstrated in the heart-lung preparation. At this time, myocardial 
atrophy is also definitely established. RerpENBERG et al. (1958) made direct 
measurements of the force of myocardial contractions in the dog. On the second 
day after completion of two-stage adrenalectomy, they found that the myocardial 
response to the positive inotropic effects of norepinephrine was essentially normal. 

As the diastolic blood pressure is often subnormal in adrenocortical insufficiency 
(see p. 88), the perfusion of the coronary vascular bed may be inadequate. Such a 
reduction in coronary blood flow, if it were of sufficient magnitude, would certainly 
impair the work of the heart. As measurements of coronary blood flow have not 
been made in adrenocortical insufficiency, it must remain a matter for conjecture. 
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The presently available evidence does not permit any firm conclusions as to 
why cardiac output is reduced in adrenocortical insufficiency. However, two 
factors seem to be most contributory: (1) the marked bradycardia that occurs in 
some species, and (2) the subnormal myocardial distensibility that limits stroke 
volume and, thereby, the force of myocardial contractions. It is not known to 
what extent deficiencies in the activity of the sympathetic nervous system are 
implicated in this situation. 


d) The chemical composition of the heart 


Table 4 lists some of the changes in the concentrations of water and electrolytes 
that have been reported to occur in the myocardium after adrenalectomy. 

It is apparent that no very great changes occur in the intracellular concentra- 
tions of electrolytes in the myocardium after adrenalectomy. And yet, in the rat, 
in which no changes in intracellular K* can be detected, plasma .K™ rises from 
5.1 meq/l to 7.4. This means that the ionic gradient from intracellular to extra- 
cellular fluid with respect to K* decreases by one third following adrenalectomy ; it 
remains to be determined if this decrease in any way impairs myocardial function. 


Table 4: Influence of adrenalectomy on myocardial water and electroytes 


Species | Reference unit Status Na*(meq) K*+(meq) Reference 
| 
Dog | kg offresh | Intact — 75.6 773 | CLARKE and CLEGHORN 
tissue Adrx. — we ttessy/ 782 (1942) 
Cat | 100 g fat- Intact 25.2 | 40.2 | 420.5 | Darrow et al. (1939) 
free solids| Adrx. 24.2 44.0 442.7 | 
Cat 100 g fat- Intact 19.3 39.7 371 | RoBERTSON and DUNIHUE 
free solids Adrx. 18.7 42.9 394 | (1954) 
Rat | kg wet tissue} Intact — | 85 — 
| Adrx. — 83 _ Str. GEorGE et al. (1955) 
kg dry tissue} Intact _- 35 — 
Adrx. — ii h-oidseo ean == 


Adrenalectomy does not produce any significant change in the concentration 
of glycogen in the heart of the rat (RUSSELL and BLoom 1956); this is true of both 
fasted and unfasted rats. The cytochrome ¢ concentration in the heart is likewise 
unaffected by adrenalectomy in the rat, although the cytochrome oxidase activity 
does decrease slightly (Treron 1944). 

The few studies that have been made of the chemical composition of the heart 
do not provide any ready explanation for the cardiac dysfunction that occurs in 
adrenocortical insufficiency. 


2. Blood vessels 
a) Pressure, flow and peripheral resistance 


Systemic arterial hypotension occurs in states of adrenocortical insufficiency. 
Adrenalectomy is followed by a progressive fall in systemic blood pressure; the 
degree of hypotension parallels the severity of insufficiency (HaRTMAN and 
BrownELt 1949, Nose 1950). In the terminal stages of adrenocortical insuffi- 
ciency, the blood pressure is at a shock-like level. It is not known, however, if 
circulatory collapse per se is responsible for death in adrenocortical insufficiency, 
or whether it is merely another manifestation of the body-wide derangements of 
tissue function that make death the usual result of this state. 

In untreated patients with Addison’s disease, THORN et al. (1942) found the 
average blood pressure to be 100/66. One might interpret such readings to indicate 
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that the hypotension derives somewhat more from a reduction in cardiac output 
than from a decrease in peripheral resistance. The blood pressure may be normal 
or higher than normal in Addison’s disease in states of excitement or in patients 
with a history of antecedent hypertension (THORN 1951). 

Similar findings of hypotension have been made in adrenalectomized animals. 
Blood pressure measurements in animals not uncommonly are made while the 
subject is under the influence of some anesthetic agent (often a barbiturate). An 
anesthetic agent may interfere with the regulation of blood pressure by direct 
effects upon the central nervous system, or the heart and peripheral vessels, and 
indirectly by depressing respiration (PRicr 1960). Following adrenalectomy, the 
susceptibility of animals to drugs that depress the central nervous system (such as 
the barbiturates) is enhanced (REMINGTON 1951, WoopBury 1958). Consequently, 
in any consideration of the findings about to be reported, it must be borne in mind 
that one cannot know to what extent the deviations from normality represent the 
effects of adrenocortical insufficiency upon cardiovascular function and to what 
extent they represent an enhanced susceptibility to anesthetic agents. 

Hypotension may occur in the dog very soon after adrenalectomy. On the 
second day after completion of two-stage adrenalectomy, REIDENBERG et al. (1958) 
found that the pressure in the femoral artery had fallen from a preoperative level 
of 121/77 to 71/35; the pressure in the pulmonary artery had fallen from 15/5to9/< 1. 
However, Rocorr and Domincunz (1927) reported that no significant change in 
blood pressure occurred in the dog following adrenalectomy until the onset of 
terminal symptoms. 

In his studies on cardiovascular function in adrenalectomized dogs, REMINGTON 
(1951) noted, at the outset, that the animals were very sensitive to the effects of 
pentobarbital sodium: “Invariably, an adrenalectomized dog could be relaxed 
with anesthetic doses which would not even give drowsiness to intact dogs. 
Enough drug was given merely to place the animals in a stuporous condition. They 
required no more anesthetic, the stupor gradually increasing until death.” Blood 
pressure in these animals initially was nearly normal and relatively stable. (These 
animals were taken off hormonal replacement therapy only from 1 to 4 days prior 
to these observations and were believed still to be in good condition.) The onset 
of the circulatory decline was signaled by a sharp decrease in blood pressure and 
peripheral resistance. No rise in the cardiac index ensued as it would in an intact 
dog after the same hemodynamic changes. Blood pressure fell to 92/62, then to 
56/36 and, just before respiratory failure, to 40/20. 

LeatTHEeM and Dritt (1944) found that the average systolic blood pressure in 
rats 6 days after adrenalectomy was 60 mm of Hg; the comparable value in intact 
animals was 110 to 120 mm of Hg. 

Very few studies have been made of the effect of adrenocortical insufficiency 
upon the blood flow through specific vascular beds. As a first approximation, it can 
be said that flow varies directly with the perfusing pressure and inversely with 
resistance to flow. The pressure generally drops in adrenocortical insufficiency ; the 
hypotension reported might lead one to speculate that flow suffers accordingly. 
Such an assumption has limited value in the absence of knowledge concerning the 
degree of peripheral vascular resistance. In adrenalectomized dogs initially 
maintained on replacement therapy in the postoperative period but taken off it 1 
to 4 days prior to the following observations, REMINGTON (1951) found that blood 
pressure and peripheral resistance were essentially normal at first. Subsequently, 
both fell and flow either remained constant or declined. In a later report (BRowN 
and REMINGTON 1955), it was noted that, in adrenalectomized dogs with a similar 
postoperative history, arterial blood pressure apparently declined more rapidly 
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than peripheral resistance; blood flow was decreased accordingly. Hf intact dogs 
were bled to the point where systemic arterial pressure fell to 90 mm of Hg, the 
blood flow in that portion of the hind leg served by the femoral artery was twice 
that observed in an adrenalectomized dog having the same systemic arterial 
pressure. 

In conclusion, the hemodynamic status of the organism in adrenocortical 
insufficiency can be characterized as follows: some degree of hypotension is 
present. The magnitude of the hypotension depends upon the extent of the 
reductions in cardiac output, peripheral vascular resistance and plasma volume. 
(In the terminal stages, increases in blood viscosity may also play a role.) The 
hypotension may result in a decreased flow of blood, but the magnitude of the 
decrease depends largely upon the changes in peripheral resistance in the various 
vascular beds. The regulation of peripheral resistance (i. e., peripheral arteriolar 
“tone”’) will be considered in subsequent paragraphs dealing with vasomotor 
function. 


b) Vasomotor function 


Peripheral vascular resistance is determined, in a large measure, by the 
diameter or ‘“‘tone”’ of the various arterioles in the body. Some degree of tone is 
intrinsically resident in all arterioles during life. The intrinsic tone is subject to 
modification by external chemical influences. Constrictor or dilator substances may 
be liberated at the endings of postganglionic autonomic nerves, or may be in the 
blood, as are epinephrine and histamine. Arteriolar tone is also influenced by the 
tensions of oxygen and carbon dioxide in the blood. 

Additionally, peripheral vascular resistance may be modulated by changes in 
the tone of metarterioles and precapillaries. These smaller vessels possess contractile 
elements capable of responding to external stimuli, such as epinephrine. They also 
manifest slow spontaneous relaxation and contraction ; this phenomenon is termed 
vasomotion (ZWEIFACH et al. 1953). 

Net systemic peripheral vascular resistance determines, in part, the work of 
the heart and the systemic arterial pressure. The peripheral vascular resistance of 
any vascular bed determines, in large measure, the rate of blood flow through that 
bed. The distribution of blood throughout the organism is influenced, in part, by 
the peripheral resistances of the various vascular beds. Assuming that all other 
relevant factors remain constant, the organism may then increase the perfusion of 
a given vascular bed by lowering the peripheral resistance in that bed while 
simultaneously increasing it in another bed. Thus, in exercise, the blood flow 
through muscle may be increased at the expense of the volume of blood flowing 
through the splanchnic vessels. Such circulatory adjustments are not readily 
effected in adrenocortical insufficiency, in part because the organism loses, to a 
significant degree, its ability to regulate peripheral resistance in the various 
vascular beds (RAMEY and GOLDSTEIN 1957). A manifestation of this disturbance 
is the postural hypotension that often occurs in Addison’s disease (THORN 1951). 
The occurrence of this inability to regulate peripheral resistance, along with 
hypovolemia and cardiac hypodynamia, helps explain why circulatory collapse 
is so often observed in adrenocortical insufficiency. 

Peripheral vascular resistance usually decreases in adrenocortical insufficiency 
(see above), particularly as death approaches. At present, controversy centers 
about the reason for this dilation of the small vessels in the arterial tree. Do the 
smooth muscles in the walls of these vessels lose their ability to respond to stimuli 
that would ordinarily produce contraction in them? Or is this a neurogenic 
phenomenon, characterized either by a failure of nerve endings to release their 
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neurohumors or a derangement of those centers in the central nervous system that 
regulate circulatory homeostasis ? Also to be considered is the possibility that some 
potent vasodilator substance in the blood is the cause of the decrease in peripheral 
resistance. The experimental findings in this complex area will be presented in the 
paragraphs to follow; it will be seen that much of the evidence is contradictory. 

The concept that in adrenocortical insufficiency the contractile elements in the 
smaller blood vessels respond subnormally to vasoconstrictor agents has been 
championed by RaMry and GoLpsTErn (1957), and there is much evidence to 
support their view of a myogenic disturbance. However, in interpreting these 
findings, certain considerations should be borne in mind. A normal response to a 
pressor agent (as measured by an increase in the systemic arterial pressure) can 
be obtained only if certain factors in the total situation remain normal. (1) There 
must be a sufficient volume of blood in the circulatory tree so that, when its 
capacity is reduced as a result of vasoconstriction, the blood pressure can rise to 
an appreciable extent. (2) The heart must also be able to cope with an increase in 
systemic arterial pressure; if it cannot, because of muscular asthenia or an inade- 
quacy of venous return, cardiac output will fall and the pressor reponse will be 
diminished accordingly. (3) It is not known if one can justifiably expect the same 
magnitude of pressor response in the hypotensive adrenalectomized animal as 
one sees in the normotensive intact animal. Neither the arterial distensibility 
curve (REMINGTON and HamiLton 1945) nor the pressure-flow relation governing 
arterial drainage (H. GREEN et al. 1944) is linear with respect to pressure. A 
failure to obtain a pressor response of normal magnitude following adrenalectomy 
may then reflect, in part, the intervention of one or more of the above factors 
rather than resulting from inadequate arteriolar constriction alone. It is not 
known to what extents these factors were operative in some of the experimental 
findings reported below. 

The pressor response to the stimulation of certain nerves is often reduced or 
absent following adrenalectomy (T. Exxiorr 1914, 1915, Secker 1939, 1949, 
Brown and Remineron 1955). This has been interpreted as a failure of the nerves 
to liberate their neurohumors; the nictitating membrane of the adrenalectomized 
cat, for example, will respond to epinephrine at a time when motor nerve stimula- 
tion produces no response (SECKER 1939). This concept has not enjoyed popular 
favor, for many investigators believe that the failure to respond is not a neurogenic, 
but rather a myogenic, phenomenon (RAMEY and GOLDSTEIN 1957). 

Numerous workers (FOWLER and CLEGHORN 1942, CLEGHORN et al. 1950, 
Ramey et al. 1951, Remrneron 1951, BRown and Remrnaton 1955) have demon- 
strated that systemic arterial blood pressure in adrenalectomized dogs does not 
rise to a normal extent when a variety of vasoconstrictor agents (norepinephrine, 
epinephrine, BaCl,, Pitressin, etc.) are injected. One group of investigators (RAMEY 
et al. 1951. RAMEY and GOLDSTEIN 1957) attributed the decreased pressor responses 
in adrenocortical insufficiency primarily to an increased threshold of the arterioles 
for response to vasoconstrictor substances. Other workers (FOWLER and CLEGHORN 
1942, Brown and RemincTon 1955) believed that the inability of the heart to 
maintain cardiac output in the presence of increased peripheral vascular resistance 
is the more important factor. 

The use of a technique whereby blood vessels in the mesoappendix of the rat are 
directly visualized has provided some interesting information with respect to 
vasomotor function in the adrenalectomized rat. Arteriolar tone is subnormal and 
vasomotion in the finer vessels tends to decrease and finally disappear. The 
reactivity of the arterioles, metarterioles and precapillaries to epinephrine and 
norepinephrine is reduced. The duration of the contractile response becomes shorter 
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and finally disappears altogether. Just before death, the finer blood vessels are 
widely dilated, and either a very sluggish flow or complete stasis occurs in the 
capillary bed (Frrrz and Levine 1951, Zwerracn et al. 1953). 

The blood vessels in the cheek pouch of the golden hamster may also be 
directly observed. Hamsters usually die within 5 to 7 days following adrenalectomy. 
Until 24 hours before death, blood flow through the cheek-pouch vessels is normal 
although the arterioles become abnormally constricted, beginning on the third to 
fourth postoperative day. These vessels show enhanced sensitivity to. electrical 
stimuli that cause vasoconstriction but decreased sensitivity to norepinephrine. 
Blood flow becomes very sluggish on the day of death, and circulatory stasis can 
be seen in some of the finer vessels. These diminutions in flow are believed to 
reflect, in part, a decreased cardiac output (Wyman et al. 1953b). ' 

Not all investigators have found that the response to vasoconstrictor agents 1s 
subnormal following adrenalectomy. On the second postoperative day, REIDEN- 
BERG et al. (1958) found normal pressure increases in the femoral and pulmonary 
arteries of adrenalectomized dogs following the injection of norepinephrine. In 
adrenalectomized dogs, on the fourth postoperative day, SaLMorraGHr and 
McCussrn (1954) observed normal pressor responses following the injection of 
epinephrine, norepinephrine and angiotonin, but a reduced or wholly absent 
pressor response to renin. They noted that in the terminal, shock-like state 
responses to all vasoconstrictor agents were markedly reduced. D. Smrru (1953) 
measured by means of an angioplethysmokymographic technique the changes in 
tone in isolated segments of the carotid arteries obtained from adrenalectomized 
swine. He found that the duration of the response of these vascular segments to 
epinephrine was normal, but the response to histamine was prolonged. 

Taken in sum, the above observations indicate that the present controversy 
regarding the origin of the decrease in peripheral vascular resistance will not be 
resolved until more evidence is available. The situation is rendered more complex 
because of the varying experimental conditions that different investigators have 
employed. Some used dogs, others rats; the numerous factors that can contribute 
to circulatory collapse may be of different quantitative significance in various 
species. Some used animals immediately after adrenalectomy, others maintained 
their animals on saline for some time prior to observing them. Some supplied their 
animals with adrenocortical hormones until just shortly before making observations, 
others made no observations until their animals were overtly moribund. Some 
employed large doses of vasoconstrictor agents, others used small ones. Limited 
recognition has been given to the possibility that the state of anesthesia may 
modify the results. Different anesthetic agents were employed by different 
investigators; some conflict in findings may arise from this fact alone. It is not 
uncommon to see only the bare results of various studies being compared, with 
limited recognition being given to the experimental conditions under which they 
were obtained. Such presentations perpetuate rather than resolve controversies. 


c) The capillaries 


Some investigators have presented evidence that capillary permeability is 
increased in states of adrenocortical insufficiency; these findings include descrip- 
tions of increased protein concentration in lymph and increased movements of 
dyes out of the capillaries (NoBLE 1950, 1955, SpEcTor 1958). Such findings purport 
to offer a partial explanation for the hypovolemia of adrenocortical insufficiency. 

ZWEIFACH et al. (1953) found that increased capillary permeability, as mani- 
fested by a greater flow of the dye T-1824 out of the capillaries, could be observed 
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in the mesoappendix of the adrenalectomized rat only in the terminal state. 
RENKIN and ZAun (1955) studied capillary permeability in adrenalectomized rats 
by perfusing the isolated lower trunk and hind legs. The animals were studied at 
various times ranging from the 3rd to the 13th postoperative day, and the results 
compared with those obtained in intact rats. They found that, within the post- 
operative time period studied, capillaries did not become more permeable to 
fluids, proteins or sucrose. 


Ramey and GoupsTEIN (1957) have cited evidence to show that the susceptibili- 
ty of small vessels to the toxic effects of epinephrine and norepinephrine is increased 
after adrenalectomy. They concluded that, in adrenocortical insufficiency, the 
organism responds to its cardiovascular inadequacies with the release of large 
quantities of epinephrine and norepinephrine, with the result that “the high titre 
of constrictor materials released ultimately acts to destroy the small blood vessels.”’ 


Capillary resistance to rupture, or fragility, is usually measured in terms of 
the amount of negative pressure (or vacuum) required to effect rupture of small 
vessels such as capillaries or venules. KRAMAR and Stmay-KRAmMAR (1953) found 
that the resistance of the capillaries in the abdominal skin of the rat was markedly 
reduced after adrenalectomy. Whereas negative pressures of from 35 to 70cm of Hg 
were required to effect capillary rupture in the skins of intact animals, vacuums of 
less than 10 cm of Hg were effective in rats 4 to 5 days after adrenalectomy. These 
authors maintained their rats on saline postoperatively and found that decreased 
capillary resistance could be observed up to 9 months following adrenalectomy. 
Wyman et al. (1953b) observed that the venules in the cheek pouch of the adrenal- 
ectomized hamster were abnormally susceptible to rupture during the first 
3 postoperative days. Then, as generalized vasoconstriction became evident in 
this vascular bed, the resistance to rupture rose in parallel. 


From a consideration of this evidence, it would seem that capillary permea- 
bility may increase in adrenocortical insufficiency. Thus the leakage of water and 
solutes through the capillary walls could contribute to hemoconcentration. 
However, this hemoconcentration probably reflects primarily the loss of osmotically 
active solutes from the blood to the urine. Furthermore, it is possible that increases 
in capillary permeability may not be of any great significance until the terminal 
stages of adrenocortical insufficiency. This must be regarded as a tentative con- 
clusion, for the available evidence is scanty ; moreover, as RENKIN and ZAuN (1955) 
have emphasized, reports of changes in capillary “permeability” must be interpret- 
ed with caution unless the investigators have been able to distinguish between true 
changes in capillary permeability and changes in the transcapillary filtration rate 
due to altered capillary hydrostatic pressure. 


3. Blood 


a) Volume and protein content 


Plasma volume is usually subnormal in adrenocortical insufficiency; this has 
been found in human beings and other species (NOBLE 1950). The dog is a species 
in which hemoconcentration after adrenalectomy may be severe; the blood volume 
is reported to decrease by one-third (SWINGLE et al. 1934c) and the hematocrit to 
rise to 56 (G. Hari and CrecHoRN 1938). It is doubtful, however, that any 
accurate measure of blood volume can be obtained in terminal stages of adreno- 
cortical insufficiency because the imminence of complete circulatory collapse 
makes it unlikely that any agent used to measure blood volume (such as a dye) will 
be uniformly distributed throughout the entire circulation (SWINGLE et al. 1934c). 
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The decrease in plasma volume appears to be a reflection of other changes that 
occur in adrenocortical insufficiency. If the adrenalectomized rat is supplied with 
saline, the plasma volume is normal (HECHTER 1945). 

As plasma proteins are known to play a part in the regulation of plasma 
volume, it is of interest to note that their concentration in plasma is usually 
elevated in adrenocortical insufficiency (NoBLE 1950). This is not simply a 
manifestation of hemoconcentration, for the increase is somewhat greater than 
would be predicted on the basis of the increase in hematocrit (LEaTHEM 1945). 
Additionally, the composition of the proteins in plasma is altered. In the saline- 
maintained, adrenalectomized rat, the albumin fraction increases while the 
globulin fraction decreases (LEATHEM 1945); thus the albumin/globulin ratio 
shifts from a normal value of 1.29 to 1.54. In adrenalectomized dogs, the opposite 
occurs: the concentration of albumin falls while that of the globulins rises (PAGE 
and Lewis 1951). Table 5 lists the changes measured by these authors by electro- 
phoretic analyses of the plasma of a dog before and after adrenalectomy. 

It can be seen that the greatest decrease occurs in the albumin fraction whereas 
the greatest increase occurs in the ¢ + y, fraction of the globulins. The authors 
note that it is unusual to have a decrease in the y, fraction at a time when all of 
the other globulin fractions are increased. 


Table 5. Alterations in plasma proteins after adrenalectomy in a dog (Pac and Lewis 1951) 


Albumin Globulins 
Plasma a 
Status teins, wey, Total a3 | és | i | ical | ” 
i Se INA as a ah pa) Si a ST Tr i el oN cg] ogi 
| | | | 
Intact | 6.05 | 2.67 | 44.6 | 0.37| 6.1 | 0.74 | 12.3 | 0.97 | 16.0 | 0.65 | 10.7 | 0.65 | 10.7 
Adrx. | 6.40 | 1.92 | 30.0 | 0.51 | 8.0 | 0.98 | 15.3 | 1.09 | 17.0 | 1.28 | 20.0 | 0.62| 9.7 


1 TP = total protein. 


Except for the effect of hemoconcentration, it is not known why plasma 
protein concentrations increase after adrenalectomy. In rats fed N-labeled 
glycine, STOERK et al. (1947) found adrenalectomy to be without effect on the 
turnover of plasma proteins. These animals were maintained postoperatively on 
saline and deoxycorticosterone acetate. 


b) The formed elements and hematopoiesis 


«) Blood. It should be noted at the outset that values for the concentrations 
of formed elements in the blood in adrenocortical insufficiency may be deceptive 
because of the decreases in plasma volume that occur in this state. Such concen- 
trations, in and of themselves, do not necessarily reflect alterations in the rate of 
hematopoiesis or in the longevity of formed elements in the blood. 

Erythrocytes. In Addison’s disease, mild normocytic and normochromic anemia 
exists. There is no evidence of increased destruction of blood, and the serum iron 
concentration is normal (BAEz-VILLASENOR et al. 1948). The concentrations of Na* 
and K* within erythrocytes are likewise normal (JonEs 1955). The average 
hematocrit of the untreated patient is 41.4 (THORN et al. 1942). 

The effect of adrenalectomy on blood erythrocyte concentrations in the rat is 
transient (A. GorDON 1954). The reversible nature of this response can be seen 
fully only in those animals maintained on saline in the postoperative period. The 
initial response is an anemic one, the erythrocyte count being lowest in the second 
to third week after adrenalectomy. At this time, the concentration of hemoglobin 
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is reduced, mean corpuscular volume is increased somewhat and a reticulocytosis 
is present (CRaFrs 1941, 1953, A. Gorpon et al. 1951). Erythrocyte fragility at 
this time has been variously described as being normal (Crarrs 1941) or decreased 
(A. Gorpon et al. 1951). Mrcrn and Gorpon (1951) found that the ability of 
erythrocytes to withstand lysis in hypotonic solutions increased after adrenal- 
ectomy. This was not true of washed cells, however, and the authors concluded 
that an “anti-lysis” factor is present in the plasma after adrenalectomy in the rat. 
By 60 days after adrenalectomy in the rat, the changes described above have been 
reversed and the erythrocyte concentrations in the blood are once again normal 
(Crarts 1941, 1953, A. GorDon et al. 1951). K. Srern and Marrin (1951) also 
noted a reticulocytosis in mice following adrenalectomy. 

In rats maintained on saline in the postoperative period, HamItron et al. (1951) 
found that the plasma iron concentration falls from a normal value of 282 w2% to 
155 by the third day after adrenalectomy. The authors did not believe that this 
decrease was a reflection of decreased food intake or an impairment of iron absorp- 
tion from the gastrointestinal tract. 

WATERMAN et al. (1939) found that the response to adrenalectomy in 5 dogs 
was variable with regard to the erythrocytes in blood. The hematocrit rose in only 
2 animals. The concentration of erythrocytes fell in only 2 but the hemoglobin 
concentration fell in 3. The erythrocyte volume was increased in 4 of the 5 animals. 

Leukocytes. The various reports concerning leukocyte concentrations in the 
blood in adrenocortical insufficiency vary not only among species but also within 
a given species. 

In Addison’s disease, although the total leukocyte concentration in the blood 
is within normal limits, a lymphocytosis and neutropenia are present (BAxEz- 
VILLASENOR et al. 1948). 

In adrenalectomized rats, BiécuERL and Scuwap (1952) found the total 
leukocyte count on the 6th postoperative day to be twice that of intact rats. 
However, Crarts (1941, 1953) found it to be essentially normal. ELMADJIAN et al. 
(1946) and Crarts (1941) found that the lymphocyte concentration did not change 
after adrenalectomy, but BUcHERL and ScHwas (1952) found it to be doubled. 
However, these latter authors found that the lymphocytes constitute 73% of the 
total leukocytes in normal rats but only 63% in adrenalectomized rats. This 
decrease is accounted for by the fact that the concentrations of neutrophils and 
eosinophils triple after adrenalectomy. HERNBERG (1953) reported that the diameter 
of lymphocytes increased from a normal value of 10.5 «4 to 12—16 by the fourth 
day after adrenalectomy. 

DovuGuHERTyY and Wuirte (1944) found the total leukocyte concentration in the 
blood of mice to increase slightly after adrenalectomy, the increase reflecting a 
mild lymphocytosis. This finding was confirmed by ELMADJIAN and Prncus (1945). 
In their study on adrenalectomized mice, K. Srery and Marrrn (1951) found an 
increase in the mononuclear and eosinophilic cells in the blood but no change in 
the neutrophils. Since hematopoiesis was simultaneously depressed, they concluded 
that certain formed elements persist in the blood for a longer time after adrenal- 
ectomy than normally. 

WATERMAN et al. (1939) found the following changes to occur in the bloods of 
the 5 dogs they studied before and after adrenalectomy: all of the animals showed 
an unchanged concentration of leukocytes in the blood. There were no consistent 
changes in the proportions of monocytes or eosinophils, and in only one animal did 
the lymphocytes constitute an abnormally large proportion of the total leukocytes. 
However, in all of the animals, the neutrophils constituted a subnormal proportion 
of the total leukocytes after adrenalectomy. 
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Platelets. E. Apams (1949) found that, on the fifth postoperative day, there 
were identical increases in the platelets in the blood of adrenalectomized and 
sham-adrenalectomized rats following a surgical stress. However, when adrenal- 
ectomized rats received a subcutaneous injection of saline, platelet concentrations 
in the blood fell to subnormal levels. That this response was not a reflection of 
hemodilution was evidenced by the fact that there was no similar decrease in the 
concentration of hemoglobin, and no decrease in platelet concentration resulted 
from the injection of water. 

f) Bone marrow. In the bone marrow of adrenalectomized rats, the propor- 
tion of young granulocytes is increased while the proportion of developing 
erythrocytes is decreased (A. GoRDON et al. 1951). Marrnons et al. (1956) found 
no change in the mitotic rate of erythroblasts on the third day after adrenalectomy 
of rats, and Prnrero (1955) found that when adrenalectomized rats maintained on 
saline were exposed to ambient pressures equivalent to an altitude of 20,000 feet, 
the erythroid response in blood and bone marrow was essentially normal. However, 
Fisuer (1958) found that no polycythemia developed when cobalt was adminis- 
tered to adrenalectomized rats. 

BERMAN et.al. (1956) studied the phosphorous metabolism in the bone marrow 
of the adrenalectomized rat, by injecting Na,HP*O,. They observed a transient 
and reversible depression of activity in animals maintained on saline postoperative- 
ly paralleling the transient anemia that develops in this species after adrenal- 
ectomy (see above). By the fifth postoperative day, the incorporation of P** into 
deoxyribonucleic acid, ribonucleic acid and phospholipides of bone marrow was 
somewhat subnormal. However, by two weeks after adrenalectomy, all of these 
rates of incorporation were essentially normal. 

K. Srern and Martin (1951) noted that the number of mitotic figures in the 
bone marrow of the mouse was reduced after adrenalectomy. They observed also 
that the ratio of myeloid elements to erythroid elements was abnormally high. 
They concluded that the formation and maturation of red blood cells in the bone 
marrow are depressed after adrenalectomy of the mouse. 


BAnz-VILLASENOR et al. (1948) reported that the incorporation of radioactive 
iron into hemoglobin was only slightly subnormal in patients with Addison’s 
disease. 


Ill. Skeletal muscle 


Muscular weakness and easy fatigability are commonly encountered in adreno- 
cortical insufficiency. Muscular asthenia is so characteristic of adrenocortical 
insufficiency that, unless it is present to some degree, the organism is probably not 
in a state of severe adrenocortical insufficiency. 


In subsequent paragraphs it will be shown that attempts to attribute the 
alterations in muscular function to a single causative factor have not met with 
success. As is common in adrenocortical insufficiency, a multiplicity of disturbances 
appears to be operative; it has not yet been possible to demonstrate conclusively 
the prepotency of any one of them in the etiology of the muscular dysfunction. 
Any attempts to evaluate the relative significance of the various possible causes of 
muscular dysfunction, particularly the easy fatigability, are impeded by the fact 
that, all too often, the physiological and biochemical observations have been made 
in resting muscle. In such muscle, one can often see derangements after adrenal- 
ectomy that, per se, probably would not seriously hamper muscular function but 
that might increase upon exercise and make for a truly profound disturbance. 
Consequently, in attempting to find the causes of the muscular dysfunction of 
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adrenocortical insufficiency, one is obliged to place only limited reliance upon the 
observations made in resting muscle and to speculate as to what may happen 
during prolonged exercise. 


1. Manifestations of disturbances in muscular function 
a) Addison’s disease 


Muscular asthenia figured in Appison’s first description (1849) of the disease 
that bears his name. In the century that followed, this finding was confirmed by 
innumerable clinical investigators. Muscular weakness and easy fatigability are 
currently believed to be requisite features of the syndrome of adrenocortical 
insufficiency. “It is well to remember . . . that they represent cardinal manifesta- 
tions of the disease, and one would hesitate to make the diagnosis in their absence’’ 
(THORN 1951). 

The Addisonian “‘languor’”’ has been described (SorKIN 1949) in the following 
way: “The asthenia is often obvious; the patient looks and acts fatigued, often 
even while lying in bed. The speech is frequently slow and languid, and the patient 
may state that even thinking requires effort.’ The degree of muscular weakness 
depends not only upon the severity of the disease but also upon the muscular 
status of the patient prior to the onset of the disease. A fair degree of muscular 
strength, for example, may still be present in those previously accustomed to a 
life of strenuous physical labor; even so, such patients are unable to perform 
physical feats once possible or may accomplish them only at the expense of marked 
exhaustion. In Addison’s disease, muscular strength is characteristically greatest 
in the morning and reduced as the day progresses (THORN 1951). 


b) Adrenalectomized animals 


Muscular dysfunction has likewise been observed in animals following adre’\al- 
ectomy. Investigators of this phenomenon have devised a number of “work tests” 
so that a quantitative estimate of the disability can be obtained. Such tests do not 
usually measure the strength of muscular contractions but rather the amount of 
work that can be done before exhaustion appears. They are commonly used also 
to evaluate the efficacy of various forms of replacement therapy. 

In one such test, rats are made to swim and the time of the appearance of 
exhaustion is noted (GAARENSTROOM et al. 1937). 

In another test, developed by INGLE and various collaborators (HERON et al. 
1934), the gastrocnemius muscle is directly stimulated 7m situ. Upon contraction, 
the muscle lifts a weight a measured distance. 


Test: 

Although minor variations in stimulus strength and frequency are described in the various 
studies of INaL®, the test situation is essentially as follows (INaLH 1944): within one hour after 
adrenalectomy (and also nephrectomy, on occasion), the rat, anesthetized with a barbiturate, 
is prepared for the test. A stimulating electrode provides faradic stimuli directly to the 
gastrocnemius muscle for 20—25 msec, 3 or 5 times each second.The tendon of the gastrocnemius 
is dissected free and attached to a 100 g weight that the muscle lifts upon contraction. For 
each 400 g-cm of work, a recorder performs one revolution. The gastrocnemius muscle of a 
normal rat will readily work for 120 hours in this situation; the adrenalectomized rat usually 
dies after 6—32 hours (HaAuEs et al. 1935). 

Expressed quantitatively, a normal muscle, in one test situation, performed an 
amount of work recorded as approximately 17,000 revolutions within a test 
period (usually 24 hours); the muscle of the adrenalectomized rat performed only 
4,000 revolutions before it would no longer contract (INGLE 1940). At the time of 
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exhaustion, more than a state of simple fatigue in the working muscle is present, 

for, if the electrode is now shifted to the gastrocnemius muscle on the other leg, 

this will perform for only a few minutes and then it too becomes unresponsive to 

the stimulus. At this time, the rat is cyanotic and its body temperature subnormal. 
A similar test was devised by EVERSE and DE FREMERY (1932). 


Test: 


Rats are used on the 4th day after adrenalectomy. The gastrocnemius muscle is subjected 
to short, intermittent stimulation by tetanizing currents. An ergograph is obtained by record- 
ing the tetanic contractions of the muscle. One unit of biological activity in this test is that 
amount of steroid hormone that will effect restoration of a normal ergograph in an adrenal- 
ectomized rat. 

Despite the superficial similarities in the tests of Ingle and of Everse and 
de Fremery, the potencies of the various adrenocortical hormones are quite 
different in the two assays. In the Ingle test, compounds with predominantly 
“glucocorticoid” activity, such as cortisone, are the most potent forms of replace- 
ment therapy; compounds with predominantly “‘mineralocorticoid” activity, such 
as deoxycorticosterone, have little or no effect upon the capacity to perform 
muscular work (INGLE 1940). Directly opposite results are obtained in the test of 
Everse and de Fremery; in this test, deoxycorticosterone, on a weight basis, is 
approximately 30 times more potent than is cortisone (NOBLE 1950). The test of 
Everse and de Fremery probably poses a more severe stress for the rat than 
does the test of Ingle, for the animals are used 4 days after adrenalectomy rather 
than immediately after operation; hence, the severity of adrenocortical in- 
sufficiency is greater. The stress of surgery seems to be of no consequence in the 
Ingle test ; the work performance of rats from which one adrenal and the contralat- 
eral kidney have been removed immediately prior to the test is not significantly 
different from that of intact rats (HALEs et al. 1935). Additionally, it would seem 
that the tetanic stimulus employed by Evrerse and DE FREMERY would more 
ray ‘dly lead to fatigue. INeGLE (1940) found that the work period in the adrenal- 
ectomized rat was shortened when the intensity of stimulation was increased. The 
divergent findings reported above with regard to the relative potencies of the 
types of adrenocortical hormones in these two tests suggest that the muscular 
dysfunction of adrenocortical insufficiency does not stem from any single physiological 
or biochemical disturbance. 

The measurement of certain electrical and mechanical aspects of muscular 
contraction in adrenalectomized animals has yielded information of great interest. 
In frogs, following adrenalectomy, the chronaxie of theg astrocnemius muscle 
becomes shorter (HoprE and Voce 1951), indicating increased excitability. The 
studies of WALKER (1947, 1948) in the adrenalectomized rat likewise indicate 
disturbances in muscular function. Recording the isometric contractions of the 
triceps surae, he employed direct and indirect (via the motor nerve) stimuli, singly 
and repetitively. He found the threshold for response to single, indirect stimuli to 
be unaffected by adrenalectomy but the threshold for the production of supra- 
maximal muscle responses by this route to be subnormal (WALKER 1947). Using a 
direct stimulus of a strength 6 times that required for maximal contractile 
response in the intact rat, he found that, after adrenalectomy, a greater tension 
developed and the sequence of events in time was disturbed. The rising time of 
contractile response was abnormally long but the time required subsequently for 
the maximal response to decrease by 50% (‘‘half-falling time’) was shorter than 
usual. As the heightened response in the triceps of the adrenalectomized rat could 
be antagonized by curare, he speculated that repetitive contractions were respon- 
sible. He also found that the maximal tetanic tension developed upon direct 
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stimulation of the muscle was only slightly subnormal following adrenalectomy. 
Post-tetanic potentiation was likewise essentially normal in magnitude in the 
rested muscle but greatly reduced or absent following exercise of the triceps. 
Upon prolonged stimulation at a frequency of 2 per second, twitch tension 
gradually declined. However, the rate of decline was identical with the use of 
direct or indirect stimuli, suggesting that adrenalectomy had not seriously inter- 
fered with the transmission of impulses at the neuromuscular junction. 

In a subsequent paper, WALKER (1948) investigated the possibility of repetitive 
contractions occurring in the muscle of the adrenalectomized rat. In this study, 
the test object was the gastrocnemius muscle and stimulation was indirect via the 
sciatic nerve. The twitch tension could be potentiated by adrenalectomy or KCl 
administration or by the production of tetanus or treppe. Although the duration 
of contraction was abnormally long in all of these instances, there was no evidence 
of repetitive contractions in the muscle. The duration of the muscle action potential 
(MAP) was also abnormally long following adrenalectomy. MiLron (1953) likewise 
found the duration of the MAP in the quadriceps femoris to be abnormally long 
in adrenalectomized rats. He found that this prolongation of the MAP could be 
prevented by saline or adrenocortical extract therapy; it could be observed in the 
muscles of normal rats 48 hours after bilateral nephrectomy or following the 
intraperitoneal injection of KCl. Anoxia was without effect on the duration of the 
MAP. 

Torpa and Wo.trr (1952a) found that, following adrenalectomy of rats, 
repetitive stimulation of a muscle via its motor nerve caused an abnormal decline 
in the amplitude and area of the MAP. Since the response of the muscle to direct 
stimulation declined less than that to indirect stimulation, they concluded that 
the disturbance in the nerve following adrenalectomy was greater than that in the 
muscle. They did not comment upon the matter of impulse transmission across 
the neuromuscular junction. 

Under the experimental conditions in the studies reported above, two general 
types of disturbances seem to occur in skeletal muscle after adrenalectomy. One 
may be characterized as an initial hyper-responsiveness to stimulation, direct or 
indirect. Excitability is increased (decreased chronaxie). The electrical changes 
occasioned by stimulation persist for an undue period of time (prolongation of the 
MAP). Under certain circumstances, the muscles develop a greater force of con- 
traction that persists for a longer period of time than is the case in the intact 
animal. However these electrical and mechanical phenomena are regulated in the 
normal animal, some derangement of this regulation is evident after adrenal- 
ectomy. 

The second type of muscular disturbance is demonstrable only upon prolonged 
stimulation of the muscle. It is characterized by abnormally rapid onset of the 
inability of muscle to respond to a stimulus with a normal contraction during a 
period of repeated stimulation. The easy fatigability of skeletal muscle in adreno- 
cortical insufficiency probably reflects not only derangements within the muscle 
itself but also systemic disturbances, such as cardiovascular inadequacies. 

In the succeeding paragraphs some of the possible causes for the disturbances 
in muscular function will be examined. 


2. Possible causes of muscular dysfunction 
a) Alterations in energy metabolism 
The well-known disturbances in intermediary metabolism that occur in 
adrenocortical insufficiency have been invoked often in an attempt to explain 
the origin of the muscular dysfunction that occurs in this condition. In particular, 
ee 
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hypoglycemia and an inadequate supply of energy sources within the muscle 
have been considered contributory to the easy fatigability of muscle after adrenal- 
ectomy (Nose 1950). The relevant evidence does not always support this view, 
however. It has likewise proven difficult to assess the significance of such disturb- 
ances, since, following adrenalectomy, many upsets occur that may lead to the 
development of muscular dysfunction. 

In the resting muscles of rats, fed or fasted for 24 hours, glycogen levels are 
essentially the same in intact and adrenalectomized animals (RUSSELL and BLoom 
1956, Bowman 1956). The glycogen content of the diaphragm may actually be 
significantly increased (RUSSELL and BLoom 1956); however, such an increase may 
occur after the removal of only the adrenal medulla (Bowman 1956). The phos- 
phorylation of glucose has likewise been found to occur at a normal rate in the 
muscles of adrenalectomized animals (THER and MUELLER 1950). Adrenalectomy 
of the rat does not cause any significant change in the content of adenosine triphos- 
phate or phosphocreatine in muscle (ALBAUM et al. 1951). 

From an examination of the literature it is difficult to determine to what extent 
muscular performance in states of adrenocortical insufficiency will be benefited by 
the administration of glucose. On the one hand, SorxKrn (1949) reported that the 
muscular weakness of some patients with Addison’s disease had been relieved 
temporarily by the use of glucose. INGLE and LuKeEns (1941) reported that injec- 
tions of Adrenalin and hypertonic glucose solutions (up to 50% glucose) enabled 
adrenalectomized rats to work as well as intact rats. They found glucose to be 
clearly superior to solutions of NaCl or sucrose. Also, the greater the total quantity 
of glucose given or the more hypertonic the glucose solution, the greater was the 
work output. However, INGLE and Nuzamis (1948) found that constant intravenous 
infusions of glucose (as high as 200 mg/100 g of body weight/hour) were without 
effect on the work output of the adrenalectomized rat. At any given rate of infusion, 
adrenalectomized rats had lower blood glucose levels than their intact counterparts. 
When the muscle would no longer contract, however, blood glucose levels in the 
adrenalectomized rat rose considerably above those present in intact rats at the 
same time in the experiment. The authors were unable to reconcile these findings 
with the earlier ones of INGLE and LuKENs (1941). A year later INGLE and Nezamis 
(1949) reported that “work was greatly improved’? by the administration of 
glucose to adrenalectomized rats already receiving adrenocortical extract. 

These apparently contradictory findings make it difficult to determine to 
what extent the easy fatigability of skeletal muscle in adrenocortical insufficiency 
can be attributed to a lack of glucose. An additional complication is present in the 
findings (INGLE and Kuizenca 1945) that the hormones having the greatest 
potency in the Ingle work test are those with predominantly glucocorticoid activity, 
for such compounds inhibit glucose utilization (NoBLE 1950). Tentatively, it may 
be concluded that, while it is possible under some experimental conditions to 
demonstrate a beneficial effect of glucose upon the capacity to perform muscular 
work, hypoglycemia is clearly not the only cause of easy fatigability in adreno- 
cortical insufficiency. Adrenocortical steroids may also make energy sources 
available to muscle by the promotion of gluconeogenesis (INGLE and NxuzAmIs 
1948). However, with the evidence presently at hand, it is impossible to determine 
to what extent muscular function is impaired in adrenocortical insufficiency 
through disturbances in intermediary metabolism. 


b) Alterations in electrolyte content and distribution 


Alterations in the content and distribution of water and electrolytes within the 
body that occur in adrenocortical insufficiency have also been thought by some to 
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contribute to the development of muscular dysfunction. Attention has been 
particularly directed towards the changes that may occur in the extracellular and 
intracellular concentrations of K*. 

The muscular asthenia of adrenocortical insufficiency resembles that produced 
by toxic doses of K* (ZwEmeEr and TRuszKowsxt 1937). Hoppr and VocEt (1951) 
found that chronaxie in the gastrocnemius muscle of the frog was decreased by 
KCl administration or adrenalectomy, whereas NaCl administration exerted the 
opposite effect. The decrease in chronaxie that followed adrenalectomy could be 
accentuated by KCl and partially reversed by NaCl. Mriron (1953) found that the 
prolongation of the MAP that occurred in rats after adrenalectomy could be 
mimicked by the intraperitoneal injection of KCl into intact rats but not by the 
injection of NaCl or CaCl,. He attributed the prolongation of the MAP to K* 
retention rather than Na* depletion, because it also occurred after bilateral 
nephrectomy, in which Na* retention takes place. WALKER (1948) found that the 
twitch tension in the gastrocnemius muscle in the rat was potentiated by KCl or 
adrenalectomy. He speculated that the increased concentration of K~ in extra- 
cellular fluid might prolong the duration of the “breakdown” in the potential of 
the muscle membrane following stimulation and thereby increase the strength and 
duration of the contractile response. He also suggested that changes in the intra- 
cellular concentration of K* might affect the contractile process. The finding that 
compounds with predominantly mineralocorticoid activity, such as deoxycorticos- 
terone, have the greatest potency of all of the steroid hormones in the work test of 
Everse and de Fremery (NoBLE 1950) provides indirect evidence that electrolyte 
disturbances are related causally to some aspect of the muscular dysfunction of 
adrenocortical insufficiency. 

Other findings tend to minimize any possible role of electrolyte disturbances in 
the etiology of this muscular dysfunction. In the Ingle test compounds with 
predominantly mineralocorticoid activity have little or no potency (INGLE and 
Kuizenca 1945). InaLtE and Luxens (1941) found that the beneficial effects of 
injections of hypertonic glucose solutions into adrenalectomized rats subjected to 
this test were not significantly modified by the simultaneous administration of 
KCl. In this context, the findings of FLUcKINGER and VERZAR (1954) are of some 
interest. They measured an increased uptake of K* in vitro by the rat diaphragm 
and a decreased uptake of Na?* when tissues from adrenalectomized animals were 
compared with those of intact ones. They found that the addition of glucose to the 
incubation medium decreased the uptake of Na? by diaphragms obtained from 
intact and adrenalectomized rats but was without significant effect upon the 
uptake of K*. The findings of H. Mmier and Darrow (1941) would tend to 
suggest that a rat’s capacity to perform muscular work is not limited by small 
increases in the intracellular concentration of K* in skeletal muscle. Using intact 
rats, they found that “within wide limits the amount of potassium in the muscle 
cells does not limit the capacity of rats to swim continuously for sixty minutes.” 
In some of their animals, the concentration of K* in muscle was within the range 
encountered in adrenocortical insufficiency. 

It seems pertinent at this juncture to consider some of the changes in 
muscle K* that have been reported to occur following adrenalectomy. The data 
in Table 6 (except for the ratios) are from the study by H. Wuirr and RoLr 
(1955) on rats. 

It is evident from these data that, regardless of the basis upon which the con- 
centration of K* in muscle is computed, the increases after adrenalectomy in the 
rat are not very great. There is, however, a progressive decrease evident in the 
ratio of the concentrations of K* in intracellular and extracellular fluids. 
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Table 6. Potassium in intact and adrenalectomized rats 
(Data of H. Warr and Ror 1955) 


Intracellular 
Status Meq of Kk Reference concn. 
aed eae “Plasma concn, 
Plasma Intact 3.75 + 0.9 per liter == 
57d adrx. 6.3 se 0.8 a 
12—22 d adrx. 8.3 1.9 == 
Skeletal Intact 97.3 + 4.4 per kg of fresh 25.9 
muscle 5—7 d adrx. 102 + 4.0 tissue 16.2 
12—22 d adrx. 102 + 4.5 12k3 
Intact 172 +2.9 per kg of intra- 45.9 
5—7 d adrx. W776 +7.2 cellular 28.1 
12—22 d adrx. 177 + 72.4 water a begs 
Intact 45.9 + 2.4 per 100 g of 12.2 
=f col eye hse: 44.7 +0.9 fat-free Holt 
12—22 d adrx. 46.1 -— 1.6 solids 5.6 


The role of Na* in the changes in membrane potential that occur upon stimula- 
tion of nerve or muscle has received increasing recognition in recent years (CURTIS 
1956). One would expect that the Na diffusion potential might be altered somewhat 
by the changes in the content and distribution of Na~ in the organism that occur 
in adrenocortical insufficiency. The data in Table 7 (except for the ratios) were 
again taken from those of H. Wurre and Ror (1955). 


Table 7. Sodium in intact and adrenalectomized rats 
(Data of H. Wutre and Ror 1955) 


i Plasma concn. 
Status Med ore Heeaece Intracellular 

i concn. 

Plasma Intact 143 + 2.5 per liter — 

5—7 d adrx. 135 =k 3:3 a 

12—22 d adrx. 133. + 3.0 — 

Skeletal Intact 30.4 + 2.8 per kg of fresh 4.7 
muscle 5—7 d adrx. 25.5 + 1.7 tissue 83 
12—22 d adrx. 25.0 + 1.1 5.3 

Intact 6.6 + 2.8 per kg of intra- Ze 

5—7 d adrx. 1.7 + 1.5 cellular 79.4 

12—22 d adrx. 1 +1 water 133.0 

Intact 14.3 + 1.5 per 100 g of 10.0 

5—7 d adrx. 11.7 + 0.5 fat-free 11.5 

12—22 d adrx. 11.3 + 0.6 solids 11.8 


The data indicate that the changes in the concentrations of Na* in muscle and 
in the extracellular: intracellular ratios are not very great after adrenalectomy in 
the rat except when the Na* concentration is computed in terms of intracellular 
water. These latter data were computed on the assumption that Cl” is entirely 
extracellular in location. If one calculates extracellular fluid on a Donnan distribu- 
tion basis, the concentration of Na* in muscle (meq/kg of intracellular water) is 
normally 9.6 and drops to 5.8 at 5 to 7 days after adrenalectomy (H. Wurrs and 
Rotr 1955). The normal extracellular: intracellular fluid ratio for Na* would be 
14.9 and it rises to 23.3 at 5 to 7 days after adrenalectomy. Whatever the initial 
premise employed for the computation of Na* concentrations in intracellular 
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muscle water, the results portray the same trend: a decrease in the Na* concentra- 
tion and an increase in the ionic gradient across the cellular membrane. 

Recently, emphasis has been placed upon the concept that ionic gradients from 
extra- to intracellular fluids may be of as much physiological significance in nerve 
and muscle function as the absolute concentrations of Na* and K* in the two fluid 
compartments (GOODMAN and GiLMAN 1955, their p. 797). The alterations in the 
ionic gradients depicted in the tables above may well account for the prolongation 
of the MAP and the potentiation of the twitch tension observed in rats after 
adrenalectomy (WALKER 1948, Mitton 1953). However, it does not seem likely 
that the increases in the concentration of K* perse in muscle can account for the 
easy fatigability of adrenocortical insufficiency. H. Miter and Darrow (1941) 
observed unimpaired swimming activity in intact rats that had concentrations of 
K* in muscle, before and after exercise, that were actually slightly higher than 
those reported in Table 6 to occur after adrenalectomy. And yet, for lack of 
complete evidence, this must remain a tentative conclusion. Upon initial stimula- 
tion, the muscles of adrenalectomized rats are capable of an abnormally strong 
mechanical response (WALKER 1947, 1948), but unresponsiveness to stimulation 
ensues with unusual rapidity. The data reported above depict electrolyte disturb- 
ances after adrenalectomy in resting muscle; should the situation worsen with 
exercise, the muscle might well become totally unresponsive to external stimuli. 
Until similar analyses are made in the muscles of adrenalectomized animals after 
exercise we cannot know to what extent this possibility is realized during prolonged 
exercise and, consequently, to what extent electrolyte disturbances contribute to 
the easy fatigability of adrenocortical insufficiency. 


c) Alterations in neuromuscular transmission 


A muscle no longer responds to stimulation via its motor nerve if transmission 
of the impulse across the neuromuscular junction is disturbed. Such a disturbance 
could result from a failure of the motor nerve ending to liberate adequate quantities 
of acetylcholine, or it could arise from the accumulation of abnormal quantities of 
acetylcholinesterase at the junctional site. It could arise also from an altered 
response of the muscle end-plate to acetylcholine or an impediment in the spread 
of the wave of excitation from the end-plate to the muscle itself. 

Investigators have paid scant attention to the possible role of a disturbance in 
neuromuscular transmission in the muscular dysfunction of adrenocortical 
insufficiency. As noted above, WALKER (1947) found that, upon prolonged stimula- 
tion at 2/sec, the twitch tension in the triceps surae of the adrenalectomized rat 
gradually declined. As the rate of decline was similar upon stimulation of the 
motor nerve or the muscle itself, he concluded that in the rat adrenalectomy 
produced no serious disturbance in neuromuscular transmission. While a work test, 
such as that of Ingle, in which the muscle is stimulated directly, does not rule out a 
contemporaneous disturbance in neuromuscular transmission, it does indicate that 
the potential for “fatigue” is resident within the muscle itself after adrenal- 
ectomy and does not require mediation via the neuromuscular junction. 

Torpa and Woxrr (1952a) found that after adrenalectomy of rats, the 
amplitude and area of the MAP declined more upon stimulation of the motor 
nerve than upon stimulation of the muscle directly and so concluded that, in this 
situation, the disturbance in nerve was greater than that in muscle. Such a 
disturbance could result from an inability of the motor nerve to respond to stimuli, 
to conduct impulses or to liberate acetylcholine at its ending. 

Subjecting rats to the work test of Everse and de Fremery, OVERBEEK (1949a) 
found that the work performance after adrenalectomy was improved by the prior 
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injection of physostigmine or diisopropylfluorophosphate (DFP), but not by the 
prior injection of acetylcholine, carbachol, epinephrine or sodium citrate. Strangely 
enough, he found the prior injection of neostigmine to be without beneficial effect 
upon work performance. In a subsequent report OVERBEEK (1949b) sought addi- 
tional evidence to support a thesis that work performance in adrenocortical 
insufficiency is subnormal because of a disturbance in neuromuscular transmission 
resulting from the presence of abnormally large quantities of acetylcholinesterase 
in the end-plate region. He found the content of cholinesterase in skeletal muscle 
was increased by 30% after adrenalectomy. In both intact and adrenalectomized 
rats, work caused a slight decrease in the content of cholinesterase in the muscles. 
Whereas his findings with physostigmine and DFP do indicate a possible disruption 
of normal neuromuscular transmission from an abnormal intervention of cholines- 
terase, the inability to demonstrate a similar beneficial effect with another 
cholinesterase inhibitor, neostigmine, weakens his thesis. Although the pharma- 
cological effects exerted by physostigmine and neostigmine are not identical 
(GoopMAN and Giiuman 1955, pp. 444—458), the differences would lead one to 
predict that neostigmine would provide the greater restoration of work perform- 
ance. 

As is common in consideration of many aspects of adrenocortical insufficiency, 
no firm conclusion regarding the role of disturbances in neuromuscular trans- 
mission in producing the muscular dysfunction can be drawn because the available 
evidence is both inadequate in scope and internally conflicting. 


d) Alterations in circulation 


An inadequately perfused skeletal muscle obviously cannot be expected to work 
in a normal fashion. In adrenalectomized cats (SCHWEITZER 1945) and dogs (GoLD- 
STEIN et al. 1950), the onset of muscular fatigue is associated in time with the 
development of hypotension. Electrically elicited muscular contractions in the 
adrenalectomized dog cease when the systemic arterial blood pressure falls to 60 to 
80 mm of Hg; they will resume, however, if the blood pressure can be raised above 
this apparently critical range (RAMEY et al. (1951). 

The findings of Hass et al. (1935) indicate that, at the time of ‘‘fatigue”’ in the 
Ingle work test, the adrenalectomized rat is in a shock-like state, and that un- 
responsiveness can be observed in muscles that have been resting as well as in 
those that have been working. INGLE and Nezamts (1949) were unable, however, 
to achieve a total restoration of normal work performance in adrenalectomized 
rats by the administration of adrenocortical extract plus conventional doses of 
epinephrine. Large doses of epinephrine were found actually to depress work 
performance. As the cardiovascular responses to these various doses of epinephrine 
were not measured, their effect on the perfusion of muscle must remain a matter 
for conjecture. 

It is of great interest that, under appropriate in vitro conditions, the muscles 
of adrenalectomized rats will perform work as well as those from intact animals, 
even if the muscles are taken from adrenalectomized rats previously exercised to 
the point of exhaustion (RAMEY et al. 1950). These findings suggest that distortions 
in the composition of the extracellular fluid may be of great importance in the 
development of the muscular unresponsiveness of adrenocortical insufficiency. 

Ramey and GoLpsTErN (1957) believe that the easy fatigability of adreno- 
cortical insufficiency is secondary to the circulatory collapse induced by the stress 
of muscular work. The studies in adrenalectomized cats and dogs lend strong 
Support to this concept. The maintenance of systemic arterial blood pressure 
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above an apparently critical level is associated with the capacity to do muscular 
work (Ramey et al. 1951); muscular work ceases when the blood pressure falls 
below this level. 

The situation obtaining in adrenalectomized rats is less clear. No one has 
measured blood pressure levels in the rat during the course of a work test; we only 
know that a shock-like state is present at the time of “fatigue” (HauEs et al. 1935). 
In adrenalectomized rats, perhaps distortions in the composition of blood are of 
greater importance than decreases in the perfusion pressure. RAMEY et al. (1950) 
demonstrated that muscles taken from adrenalectomized rats previously exercised 
to the point of exhaustion will contract once again when stimulated in an appro- 
priate 7m vitro environment. Under these conditions, the muscles are not being 
perfused, but must rely on the much less efficient process of diffusion for supplies 
of oxygen and nutrient materials and for the removal of the waste products of 
metabolism. Thus, the most significant factor in the in vitro situation would seem 
to be the “normal” extracellular fluid into which the muscles are placed. 

It may be concluded tentatively that, while circulatory disturbances definitely 
could contribute to the easy fatigability of adrenocortical insufficiency, it is not 
yet known to what extent inadequate perfusion of skeletal muscle per se is related 
causally and directly. Moreover, one can make only cautious estimates of blood 
flow through any given vascular bed knowing just the perfusion pressure; the 
rate of blood flow is also markedly influenced by the vascular resistance in the bed. 
No one has ever measured directly the effect of exercise on the blood flow through 
the muscles of an adrenalectomized animal. Additionally, it seems reasonable to 
suppose that the composition of the blood with which the muscles are being 
perfused could be of great significance. We are essentially without information as 
to the chemical composition of the blood at times of muscular “‘fatigue” in states 
of adrenocortical insufficiency. 


e) Absence of adrenal medullary secretions 


The adrenal medullary secretions of mammals usually consist of a mixture of 
epinephrine and norepinephrine. These secretions probably constitute the only 
major source of epinephrine in the body, since adrenergic nerves are believed to 
secrete only norepinephrine (GooDMAN and GiLtMANn 1955, p. 400). Therefore, 
following adrenalectomy, circulating epinephrine is greatly reduced. Epinephrine 
can affect the function of skeletal muscle in at least two ways. It can promote 
elycogenolysis in muscle and can affect the diameter of some of the blood vessels in 
muscle. This latter effect appears largely in the form of arteriolar dilation (Goop- 
MAN and Ginman 1955, pp. 481—487). This dilation, coupled with its ability to 
increase cardiac output, means that epinephrine acts to increase blood flow through 
skeletal muscle. Thus epinephrine can be seen to assist the working muscle in two 
ways: it promotes blood flow through the muscle and it promotes the release of a 
stored source of energy in muscle by promoting glycogenolysis. 

From the available evidence it is difficult to determine to what extent the 
reduction in epinephrine facilitates the early onset of “fatigue” in adrenalecto- 
mized animals. INGLE and Lukens (1941) found that adrenal medullectomy in the 
rat resulted in some impairment of performance early in the period of the work 
test but that, after 10 hours of work, such animals seemed to have recovered and 
were now working in a normal fashion. They found, however, that the subcutane- 
ous administration of Adrenalin into adrenalectomized rats early in the period of 
the test significantly increased the work performance of these animals. If Adrenalin 
is not given until the time of “fatigue’’ in the work test of Ingle, it causes only a tran- 
sient enhancement of the work performance of adrenalectomized rats (INGLE 1936). 
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OveRBEEK (1949a) found that epinephrine was without effect upon the 
performance of adrenalectomized rats in the Everse and de Fremery test. To 
repeat, INGLE and Nrzamts (1949) were unable to confirm the results of INcLE and 
LuKEns (1941) reported above. They found epinephrine, in conventional doses, to 
be without effect upon the performance of adrenalectomized rats in the work test 
of Ingle; in fact, large doses of epinephrine were found to depress the work 
performance. THER and MuELLER (1950) found glycogenolysis to proceed at a 
normal rate in the resting muscle of adrenalectomized animals; a similar finding has 
also been made in the working muscle of adrenalectomized animals (RAMEy et al. 
1950). 

Although the evidence reported above is contradictory, it does seem to suggest 
that the absence of the adrenal medullary secretions plays no major role in the 
etiology of the muscular dysfunction displayed by adrenalectomized animals. 


IV. The nervous system 


Although Apprison’s accounts of adrenocortical insufficiency contained 
descriptions of neuropsychiatric disturbances, in the century that followed only 
clinical observers systematically reported upon possible interrelationships between 
adrenocortical secretions and the activity of the nervous system (CLEGHORN 1951, 
1952a, b, 1957). These reports were perforce often simply descriptive; more 
detailed knowledge had to await experimentation with animals. Although many 
studies have been made upon the separate roles of nervous and endocrine mech- 
anisms as effectors of homeostasis, experimental evidence bearing upon possible 
interrelations between these two important integrative systems (particularly in 
regard to the adrenal cortex) is largely a product of the last decade. An 
account of these recent developments can be found in the reviews of HoaGLanpD 
(1954, 1955), Ramey and GoLpsTEIN (1957) and WoopBury (1958). 


1. Peripheral nerve 
a) Excitability 


Both in situ and in vitro measurements have been made of the excitability of 
peripheral nerves after adrenalectomy. Most commonly the sciatic nerves of rats 
have been employed. The results have been calculated in terms of various values: 
chronaxie, the k of A. Hr (1936) or the & of Buatr (1932). (The first two values 
vary inversely with excitability whereas the k of Blair varies directly.) 

All investigators have found that the excitability of peripheral nerve is 
decreased in adrenocortical insufficiency (SLOCOMBE et al. 1952, 1954, CHAUCHARD 
1952, LEcog et al. 1952, Lecog 1954, Hoacuand et al. 1953a, b, Hoaauann 1954, 
1955, E. Wricut and LesrEer 1959). That has been found to be true regardless of 
the species studied, the preparation employed or the aspects of neuronal function 
embodied in the value employed to calculate the results. 

SLOCOMBE et al. (1954) made observations in the rat under both in situ and 
in vitro conditions. They found that restoration of normal excitability after 
adrenalectomy could be partially achieved by the use of adrenocortical extracts, 
but simply assuring the nerve of an adequate oxygen supply and placing it in an 
environment normal with respect to electrolytes was without effect. 

K. Wricut and Lesrer (1959) found that adrenalectomy produced the follow- 
ing changes in the sciatic nerves of rats: decreased excitability, slightly decreased 
conduction velocity and decreased survival time of the nerve in the absence of 
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oxygen. Similar alterations in excitability could be produced in the nerves of 
normal animals when glucose was substituted for NaCl in the medium bathing the 
nerve. These authors concluded, “This suggests that nerve tissue excitability 
change following adrenalectomy is due to the change in electrolyte concentration 
of plasma, especially the depletion of sodium from this medium.” 

Despite their findings of decreased excitability in peripheral nerve after 
adrenalectomy, E. Wricut and Lester (1959) attempted to demonstrate that 
the reverse obtains so that they might reconcile the observations in peripheral 
nerve with the many reports (to be described below) of a contemporaneous increase 
in the excitability of central neurons. Their discussion of the problem is as follows. 
“In peripheral nerve increased oscillatory activity has been predicted mathe- 
matically (A. Hi~i 1936) and shown experimentally (E. WricHt and CoLEMAN 
1954, SoLanpT 1936, and E. Wricut and ADELMAN 1954) to be associated with a 
decreased k value (of Blair) or increased chronaxie. It has even been shown that 
the hyperexcitable state during recovery following an impulse is accompanied by 
increased chronaxie (BLAIR 1939). Consequently the effect of adrenalectomy to 
decrease k, or increase chronaxie, might be expected to enhance the tendency of 
the tissue to respond repetitively. A nerve fiber capable of repetitive firing is 
considered more excitable than a nonrepetitive one (E. WricHT and CoLEMAN 
1954) ; therefore the effect of adrenalectomy is to increase excitability rather than 
decrease it according to the classical definition of nerve excitability (SLOcoMBE et 
al. 1954). The contradiction between results obtained from brain tissue and nerve 
tissue is then resolved. Brain seizure threshold is determined by the tendency of 
brain cells to respond repetitively when stimulated and a lowered electroshock 
threshold, indicative of increased oscillatory activity in the CNS (WoopBuRY 
1958), might be expected then in the adrenalectomized rat on the basis of peripheral 
nerve results, assuming all nerve tissue to be affected similarly. It is concluded 
therefore that the effect of adrenalectomy on nerve and brain tissue is not contrary 
but alike in the sense that the tendency for oscillatory activity to occur in either 
tissue is enhanced by this treatment. In whole nerve experiments repetitive firing 
is not readily demonstrated and has not been observed in the present study.” 

It must be noted that increased oscillatory activity in peripheral nerve follow- 
ing adrenalectomy has never been demonstrated nor does the above explanation 
account for the numerous findings of decreased excitability as established by 
classical criteria. It is quite possible that different processes are being measured in 
the peripheral and central studies, and the “contradiction” discussed by WRIGHT 
and LEsTER is only apparent and not real. Furthermore, corticosterone can exert 
a stabilizing influence upon some aspects of the activity of central neurons (Woop- 
BURY 1958); therefore, in the early stages of adrenal insufficiency, at least, one 
might well observe increased excitability in the central nervous system in the 
absence of this hormone. 


b) Neuromuscular junction 


The status of the neuromuscular junction in adrenocortical insufficiency is 
discussed in the portion of this chapter devoted to skeletal muscle (p. 103ff.). 


2. Central nervous system 
a) Anatomical changes 


In adrenocortical insufficiency, no anatomical lesions in the central nervous 
system are detectable consistently by standard methods (WoopsuRyY 1958). 
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b) Metabolic disturbances 


«) Oxygen consumption. Unresolved discrepancies exist in the several reports 
concerning the effect of adrenocortical insufficiency upon cerebral oxygen con- 
sumption: data for man do not agree with those for experimental animals, and 
in vivo and in vitro findings with animal tissue are not in accord. 


The hazards of making measurements in Addisonian patients receiving no 
therapeutic support can be readily appreciated and it is thus not surprising to find 
few such reports in the literature. ScHEINBERG (cited by F. Encun 1949) did 
however investigate this problem in two untreated Addiscnian patients and found 
no change in cerebral oxygen consumption as measured by arteriovenous oxygen 
differences. HAFKENSCHIEL et al. (1954) reported similar findings in patients in 
whom 90 % of the adrenal tissue had been removed. 

In adrenalectomized rats, however, the in vivo studies of HoAGLAND (1954) 
indicate an 18 % reduction in oxygen consumption. 

Investigators measuring the Qo, of animal brain slices and homogenates have 
found no change occasioned by adrenalectomy (Trpron 1939, Crismon and FIELD 
1940, and BrrGen et al. 1952). However, Hrmwicu et al. (1934), employing 
minced brain obtained from adrenalectomized animals in severe states of in- 
sufficiency, reported a subnormal Qo,,. 

Because so few data are available upon which to base a conclusion, it is 
necessary at present to suspend judgment concerning the effects of adrenal 
insufficiency upon cerebral oxygen consumption. 

f£) Carbohydrate and protein metabolism. Although the effects of adreno- 
cortical insufficiency on the intermediary metabolism of carbohydrate and protein 
have been studied intensively in liver and in skeletal muscle, few studies have been 
made upon the brain. Sass-Kortsak (1944) and WoopBury (1958) reported that 
there is no change in the glycogen content of the brain after adrenalectomy of 
the rat, but Vaccart and Rossanpa (1951) found subnormal concentrations of 
glycogen in the brain and a slight decrease in the concentration of total carbo- 
hydrates. 

Because other tissues show increased glucose utilization following adrenal- 
ectomy, the last report cited has been seized upon as evidence that a similar change 
occurs in brain tissue. It would, therefore, be pertinent to recall that increased 
glucose utilization in other tissues probably reflects, in a large measure, the action 
of insulin unopposed by the normal adrenocortical secretions, and that, in the case 
of brain tissue, no one has able to demonstrate an action of insulin upon its 
carbohydrate metabolism (StaprEe 1958). (See also Chapter 7.) 


VERNADAKIS and WoopBury (cited by WoopBuRy 1958) studied the effect of 
adrenalectomy upon the concentrations of various amino acids and related com- 
pounds in the brain, and found that the total concentration of these compounds 
(measured as free acids) was markedly decreased. More specifically, the concen- 
trations of taurine, valine, cystine, glutamine, glutamic acid and y-aminobutyric 
acid (GABA) were decreased. However, the concentration of aspartic acid was 
unchanged and the concentrations of glutathione and cysteic acid were actually 
increased. Wooppury (1958) concluded that these findings are indicative of 
increased protein synthesis in the brain during adrenocortical insufficiency. 


K. Evtrorr and Fiorey (1956) and Bazemors et al. (1957) felt that GABA 
may function as an inhibitory mediator substance in the central nervous system. 
Its decrease in the brain following adrenalectomy affords a possible explanation 
for the contemporaneous increase in brain excitability (to be described below). 
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y) Electrolyte content and distribution. Wooppury (1954, 1958) has reviewed 
the numerous investigations of alterations in the content and distribution of brain 
electrolytes following adrenalectomy. The turnover of Na* in the brain is decreased 
postoperatively whereas the turnover of K* may possibly be increased. The 
extracellular: intracellular fluid gradient for Na“ is decreased after adrenalectomy 
whereas this gradient for K* increases somewhat. The experimental evidence for 
these statements will be considered in the paragraphs to follow. 

The K”* in the brain is unaffected by adrenalectomy, both with respect to total 
content (V. Davenport 1949, FLANAGAN et al. 1950, BerGEN and HoaGLuanp 
1951, SreRN et al. 1951, Trmras et al. 1954) and intracellular concentration 
(Trurras et al. 1954). The intracellular concentration of Na* had been found to 
rise in the postoperative period (Trmras et al. 1954), but the total content of Na* 
in the brain does not change (FLANAGAN et al. 1950, STERN et al. 1951, BERGEN 
and HOAGLAND 1951). The sum of the findings concerning the changes in Na* and 
K* would not lead one to expect that the intracellular concentration of Nat would 
rise. As the total brain content of Na* and K* remains unchanged after adrenal- 
ectomy, a change in the intracellular concentration of Na* should be accompanied, 
as a first approximation, by an equal change in the intracellular concentration of 
K*. As the latter event does not occur, the need for further investigation of this 
matter is clearly indicated. 

Hoacuanp and Sronp (1948), Hoagnuanp (1954, 1955) and BERGEN et al. 
(1955) reported accumulations of K** by the brains of adrenalectomized rats to be 
16 to 24 % above normal. Since total brain K* remains unchanged, an increased 
K* turnover is suggested. A further analysis of all factors operative in the situation, 
however, prompted BERGEN et al. (1955) to point out that, as the normal rats 
were eating well while the adrenalectomized ones were eating poorly, if at all, 
dilution of K4? with dietary K* was occurring in the intact animals. The apparent 
increase in K** uptake vanished when all of the animals were fasted prior to the 
observations. 

In 1953, LetpERMAN and KatzMAN reported some provocative findings concern- 
ing K* turnover in the brains of normal and adrenalectomized rats. Influx and 
outflux values were determined with the use of the following equation [developed 
as a general exchange equation by A. SoLomon (1949) |: 


d [K* ]prain 
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They found that in normal brain, only 80% of brain K* was exchangeable with 
plasma K*. In adrenalectomized animals, however, the exchangeable K™ of brain 
was 100%. However, numerous investigators (HoagLanpD 1954, 1955; BERGEN 
et al. 1955; WoopBury 1958) have been unable to demonstrate the presence of a 
nonexchangeable K* fraction in the normal brain. It is to be hoped that future 
investigations will resolve the presently existing discrepancies. 

6) Acetylcholine and serotonin. The role played by acetylcholine in the func- 
tion of the central nervous system remains obscure, but it is obvious that alterations 
in central neuronal activity after adrenalectomy cannot be ascribed to a lack of it. 
GREENBERG (1949) and Torpa and Wo rrr (1952a) found acetylcholine synthesis 
to be essentially normal in the brains of adrenalectomized rats. GREENBERG 
employed acetone-dried powders while TorDA and WoLrFrF used tissue minces. 

De Marto (1959) measured the serotonin (5-hydroxytryptamine) content of 
various areas of the brains of intact and adrenalectomized rats. The averages of 
20 animals in each group showed that levels of serotonin in blood serum fell from 
50 to 12 wg/100 ml, 24 hours after the operation. At the same time, the following 
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increases occurred in the brain: hemispheres, from 85 to 195 wg/100 g of tissue; 
medulla oblongata, 97 to 115; and base of the brain, 37 to 140. The cerebellum 
contained no serotonin, and this was unaltered by adrenalectomy. Such rises 
could not be confirmed by TowNE and SHERMAN (1960). 


c) Cerebral circulation 


In any assessment of central nervous system activity, the status of the cerebral 
circulation is clearly a matter of major concern. In adrenalectomized rats, cerebral 
blood flow has been found to be 39 to 43 % of normal (HoAGLaAND et al. 1953a, 
1953b, Hoaguanp 1954). These investigators concluded that the slowed electro- 
corticogram of adrenal insufficiency reflects the reduced oxygen supply to the 
brain resulting from an inadequate cerebral circulation. 

The available data from man bearing upon this point do not permit of any firm 
conclusion. The findings of ScHEINBERG (cited by F. ENcen 1949) and HarKen- 
SCHIEL et al. (1954) indicate no change or a slight increase in cerebral blood flow in 
adrenocortical insufficiency. SCHEINBERG, however, reported upon only two cases, 
and the patients of HArKENSCHIEL et al. did not undergo total adrenalectomy and 
were suffering from severe essential hypertension before surgery. Additional data 
will probably not be forthcoming readily because of the hazards inherent in the 
making of such measurements in untreated adrenally-insufficient human beings. 


d) Neurophysiological disturbances 


«) Electrical activity of the brain. The electrical activity of the brain is modified 
by adrenocortical insufficiency. G. ENGEL and Marcon (1941, 1942) were the 
first to describe these changes in man, and their findings have been confirmed and 
amplified (see the review of WoopBuRY 1958). In sum, the following alterations 
have been observed: the electroencephalogram is characterized by many bursts of 
high-voltage (up to 75 wV), low-frequency (2 to 8/sec) activity. Such activity 
occurs most commonly in the frontal areas and is accompanied by a relative 
refractoriness to the events usually attendant upon opening the eyes. Concomi- 
tantly, there is a reduced incidence of low-voltage, fast-frequency beta waves. In 
addition, the response to voluntary hyperventilation is exaggerated. G. ENGEL and 
MARGOLIN reported that the response to hyperventilation can be restored to normal 
by the administration of glucose. They believed that a rough correlation exists 
between blood glucose concentrations and the presence of abnormalities in the 
electroencephalogram. However, W. HorrMaN et al. (1942), while agreeing in the 
matter of hyperventilation, found that intravenous glucose did not restore the 
electroencephalogram to normal in the resting stage. 

The electrocorticogram in the adrenalectomized rat is likewise dominated by 
low-frequency rhythms (BERGEN 1951). Hoacianp (1954) felt that ‘the evidence 
supports the hypothesis that reduced brain oxygen consumption following 
adrenalectomy slows the electrocorticogram. The reduced oxygen consumption in 
turn appears to result from decreased cerebral circulation brought about by a 
general reduction in cardiovascular tone and responsivity.’ As comparable 
evidence of hypoxia is lacking in the human being, it is not known if such a state 
is contributory to the electroencephalographic abnormalities described for man. 

Another expression of slowed activity in the central nervous system is the 
finding that in the rat impulses from the toe are conducted to the sensory cortex 
more slowly after adrenalectomy (HOAGLAND et al. 1953b). The decreased conduc- 
tion time was attributed to the neurons of the central nervous system involved in 
this pathway. 
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B) Brain excitablity. Another aspect of the function of the central nervous 
system that has received much attention is brain excitability. As used today, the 
term “‘brain excitability” refers to the threshold for convulsions. The convulsions 
may occur spontaneously or be deliberately induced by an appropriate stimulus 
that can be graded in intensity. In general, it has been found that, in adrenal- 
ectomized animals, brain excitability is increased (i. e., the threshold for convulsions 
is decreased). One cannot say precisely what facets of neuronal function are being 
assessed in these studies. Certainly in this gross criterion one has an algebraic 
summation of the activities of a huge population of neurons. What appears to be 
increased excitability may be a manifestation of decreased activity of inhibitory 
neurons that normally prevent the widespread discharges that lead to convulsions. 

Spontaneous convulsions. Clinical observers have known for almost a century 
that convulsions may occur in Addisonian crises (KirpPEL 1899, G. ENGEL and 
MarGOLIN 1941, CLeGHORN 1951, SrorRIE 1953). Such seizures often are of the 
grand mal type and may occur during periods characterized by other disturbances, 
such as stupor or paranoid delusions (StorRIE 1953). (See Chapter 6 in Part 1 of 
this Volume.) 

Likewise, convulsions may occur spontaneously in adrenalectomized animals. 
In adrenalectomized rhesus monkeys, Knostm et al. (1953) associated convulsions 
and prostration with hypoglycemia. Providing the animals were not moribund, 
recovery from these episodes was produced in 5 to 60 minutes by the administration 
of glucose. 

The findings of ARNETT et al. (1942) and SrorriE (1953) suggested that there 
is not necessarily a connection between hypoglycemia and convulsions since, in both 
Addisonian patients and in adrenalectomized rats, they observed no good correla- 
tion between blood glucose levels and the frequency of neurological symptoms. 
One of STORRIE’S patients, for example, was found to have a blood glucose level 
of 119mg % in the post-ictal state. Obviously the uptake and utilization of 
glucose by the brain must be the primary consideration in these situations; an 
adequate blood glucose level is only the first requirement for normal function. 

Experimentally-induced convulsions. Appropriate electrical, auditory and 
chemical stimuli will provoke convulsions and they can be graded in intensity. 
Therefore such stimuli have been used to measure brain excitability in adrenalecto- 
mized animals. 

The thresholds for electrically-induced seizures (EST) have been studied by 
V. Davenport (1949) and Tmmras et al. (1954); a summary of the findings in this 
area is provided by WoopgBury (1954). In both adrenalectomized rats and mice, 
the EST was found to be approximately 25% below normal. This decline was 
accentuated by the administration of KCl or MgCl,, but prevented by isotonic 
NaCl or CaCl,. Not surprisingly, these data indicate the importance of Ca**. But, 
in consideration of the Na* losses that accompany adrenocortical insufficiency and 
the findings with the use of NaCl, these investigators logically stressed the 
importance of the extracellular: intracellular Na* ratio in the maintenance of a 
normal EST. 

The threshold for seizures induced by pentylenetetrazol (Metrazol) is unaffected 
by adrenalectomy (CrcaRpo 1945, 1946, Torpa and WotrF 1952b). The sensitivity 
to insulin-induced convulsions is increased some 24 times by total adrenalectomy 
(Swann and FirzcErRaLp 1938), but only 2-fold by the removal of the adrenal 
medulla alone. 

Adrenalectomized laboratory rats show a lowered threshold for audiogenic 
seizures (GRIFFITHS 1949). If such animals are maintained on large doses of NaCl, 
however, they actually show a subnormal susceptibility to such stimuli. Using 
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electrical stimuli, WoopBury et al. (cited by WoopBuRyY 1958) likewise found that 
the EST of adrenalectomized animals could be elevated above normal by very 
large doses of NaCl. Such findings reveal the importance of N a* in protecting the 
organism from convulsions induced by certain stimuli, and point up the significance 
of the Na* shifts and losses that occur in adrenocortical insufficiency. 

Interestingly enough, Grrrrrrus (1949) was unable to provoke audiogenic 
seizures (an air blast was used) in wild rats, intact or adrenalectomized. 

As adrenalectomy increases the susceptibility to convulsions provoked by 
electrical and auditory stimuli but not to those induced by pentylenetetrazol, 
Woopsury (1958) attempted the following reconciliation of these findings: ““The 
problem of chemically induced convulsions in adrenalectomized animals is 
complicated by alterations in the absorption, fate, and excretion of the convulsant 
drug, and it is likely that adrenalectomy influences one or more of these factors ; for 
example, if absorption of the convulsant is delayed, a larger dose would be required 
to produce a given effect.’’ However, Torpa and Wo LFF (1952 b) administered the 
pentylenetetrazol intravenously ; and it would appear that the effect of insulin was 
not seriously disturbed by the operation of the factors cited above. The matter is 
further complicated by the finding of Swinyarp et al. (1955) that, when hypo- 
natremia was induced by peritoneal lavage in intact mice, their susceptibility to 
the convulsant effects of pentylenetetrazol was increased. 

Convulsions provoked by “water loading” are discussed in Chapter 4, Part 1 of 
this Volume. 

y) Neurological disturbances. Behavioral changes. Adrenalectomy decreases 
the spontaneous running activity of rats, wild or domesticated (GRIFFITHS 1949, 
RicutEeR 1952, GoLpMAN and ABoop 1953). Restoration of the status of carbo- 
hydrate metabolism to normal (by appropriate hormonal therapy) is a potent 
means of repairing this deficiency, although NaCl supplements effect a partial 
repair. GOLDMAN and ABoop (1953) found creatine phosphate stores to be lowered 
and inorganic phosphate levels elevated in the hypothalamus and pituitary of 
adrenalectomized rats exhibiting decreased spontaneous activity; no such changes 
could be detected in cerebral cortical tissue. These findings may or may not be 
relevant to decreased running activity. 

Psychic disturbances. Investigators have noted that psychological derangements 
are frequently present in patients with Addison’s disease. Reviews of this topic 
have been made by GormMAN and Wortts (1947), CLEGHORN (1951, 1952a, b, 
1953), CLEGHORN and PatrEE (1954), WoopBury (1958) and Srott in Chapter 6 
of this Volume. The aberrations may range from the neurotic to the frankly 
psychotic. 

The incidence of such disturbances is rather high. G. ENGEL and Marcon 
(1941, 1942), in a review of 25 cases, found 16 to have neuropsychiatric disturb- 
ances, of which 3 were frankly psychotic. In another review of 25 patients, 
CLEGHORN (1951) reported that the commonest disturbances were apathy and 
negativism, encountered in 80 to 84% of his patients. Less common findings were 
seclusiveness, depression and irritability. More severe upsets, such as suicidal 
tendencies and paranoid delusions, seem to occur relatively rarely. 


e) The response to drugs 


Adrenocortical insufficiency has been shown to modify the response to some 
drugs that act upon the central nervous system. 

The barbiturates, in particular, have been studied by numerous investigators. 
The time required for the onset of the effects of these drugs after administration is 
shorter after adrenalectomy (Komrya and SurpaTa 1956) and the duration of the 
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effects is prolonged (TUREMAN et al. 1951, 1952, SurpaTa and Komrya 1953, 
RoBILLARD et al. 1954). Animals are more susceptible to the toxic effects of the 
barbiturates after adrenalectomy (RicHarps 1941, ErcHourz et al. 1949). Ropm- 
LARD et al. (1954) demonstrated that hepatic tissue from adrenalectomized animals 
metabolizes pentobarbital at a subnormal rate. Komrya and Surpava (1956) found 
that the brains of adrenalectomized animals concentrate barbital to an abnormally 
high degree. It seems likely that in these observations there is a partial explanation 
for the altered responses of adrenalectomized animals to barbiturates. Additionally, 
as barbital is excreted wholly in an unchanged form, inadequate renal function may 
possibly contribute to the enhancement of its activity in states of adrenocortical 
insufficiency. 

Susceptibility to wrethan (SINDRAM 1935) and to morphine (J. Lewis and 
Torino 1926, N. Taxpor et al. 1952, p. 214, WurraKer et al. 1956) is increased in 
states of adrenocortical insufficiency. 


V. Gastrointestinal system 
1. Food intake 
a) Anorexia 


A reduced intake of food is characteristic in adrenocortical insufficiency. A 
capricious appetite is often displayed by both man and animals, and, in the more 
severe stages of this condition, a refusal of all food is common. 

In Addison’s disease, anorexia may be of insidious onset and slow development 
(SorKIN 1949). It is encountered in 80—90°% of all Addisonian patients (Ma- 
RANON et al. 1934, SorKIN 1949, THoRN 1951). Other gastrointestinal disturbances, 
such as nausea, vomiting, diarrhea, constipation and abdominal pain, occur less 
frequently than anorexia. However, these latter signs and symptoms can, on 
occasion, be so violent as to suggest diagnoses like acute peritonitis or poisoning 
(SorKIN 1949) and to lead mistakenly to surgery for “chronic appendicitis” or 
“chronic cholecystitis’ (THORN 1951). 

Until the careful studies of Rogorr and Stewart (1926a) were initiated, the 
food intake of adrenalectomized dogs could not be measured, for the period of 
survival after operation was too short. Inexpert surgery and inadequate care in 
the postoperative period meant that “‘only animals in a state of acute collapse were 
available for experimental study” (Gaunt and Everso.e 1949). With the possible 
exception of the studies using rats, a similar condition prevailed in the instances 
of work with other species. The insistence of RoGcorr and STEewarrT on high 
standards of surgical technique and animal care (G. Stewart 1924) enabled their 
wholly-adrenalectomized dogs to live for approximately 10 days and permitted 
them to observe the reduction in food intake that occurred in the postoperative 
period. While the rate at which food intake declined was not predictable, once all 
food was refused death would occur within 3 days. Reports of reduced food intake 
following adrenalectomy have subsequently been made for many species (Harr- 
MAN and BROWNELL 1949, NoBLE 1950). 


b) “Salt craving” 


The experiments of RicHTER and others (summarized by Kunpati 1948) 
indicate that the adrenalectomized rat, when offered a choice of several diets, will 
voluntarily select one that provides a high daily intake of sodium chloride. Ricx- 
TER (1939) has postulated that an increased sensitivity of the sense of taste to salt 
may be the basis for these findings. 
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In these selection experiments, the implication is present that they constitute 
an example of the “wisdom of the body” at work: the Na” losses attendant upon 
adrenocortical insufficiency are somehow recognized and an attempt is made to 
compensate for them. If true, it must be noted that such “‘wisdom”’ is not evident 
in all species, nor indeed is it even evident in the rat under all experimental 
conditions. An increased appetite for salt is not a consistent finding in Addison’s 
disease (SorKIN 1949) and occurred in only 19 % of one group of patients (THORN 
1951). The adrenalectomized rhesus monkey likewise displays no unusual avidity 
for salt (HoFMANN et al. 1954). Harriman (1955) offered a group of intact rats 
the choice of an 8% sugar solution or a 1.2 % NaCl solution to drink; most of the 
animals quickly showed a preference for the sugar solution. These animals con- 
stituted Group I. Another group of rats (Group IL) was maintained on distilled 
water as a drinking fluid. After 18—20 days on these regimens, half of the animals 
in each group were adrenalectomized and the other half subjected to sham adrenal- 
ectomy. All animals were then offered the choice of sugar and salt solutions. Only 
the adrenalectomized rats in Group II showed a preference for the salt solution. 
The adrenalectomized rats in Group I that had established a preoperative preference 
for the sugar solution continued to display this preference after operation. They 
drank no more of the salt solution than did the sham-operated animals in Groups I 
and II. 

“Salt craving’ would appear to be a possible, though far from inevitable, 
occurrence in adrenocortical insufficiency. 


2. Stomach 
a) Anatomical changes 


Gastric ulcers have been observed in about 2°% of patients with Addison’s 
disease (MARANON et al. 1934), and gastric ulcers or hemorrhages in 39% of 
adrenalectomized cats (HARTMAN and BROWNELL 1949). Lesions in the gastric 
mucosa of adrenalectomized mice, rats, cats and dogs were described by Mann 
(1916). The incidence of gastric ulcers seems to be a function of species. They 
occur commonly in adrenalectomized cats and dogs (HARTMAN and BROWNELL 
1949) but only rarely in adrenalectomized rhesus monkeys (GREEP et al. 1952) or 
rats (MADDEN and Ramspure 195la, WELBOURN and Cope 1953, H1irscnowi1Tz 
et al. 1956). 

BakER and BripGMan (1954) made a histological study of the influence of 
adrenalectomy on the gastric mucosa in the rat. Most noticeably affected were the 
zymogenic cells. They were subnormal in size, had a reduced granular content and 
contained little basophilic (ribonucleoprotein) material. The parietal cells were 
but little affected, showing a slight reduction in size and some increase in fuch- 
sinophilic bodies (mitochondria). The content of mucus within the mucous neck 
cells was reduced. No consistent changes in the argentophile cells were noted. 


b) Motor activity 


Very few studies have been made of the effects of adrenocortical insufficiency 
upon gastric motility. TUERKISCHER and WERTHEIMER (1945) reported that no 
abnormalities in gastric motility could be observed roentgenologically following 
the administration of barium sulfate to adrenalectomized rats. 


c) Secretory activity 


In many but not all species, gastric secretions are depressed in adrenocortical 
insufficiency. The pertinent reports can be summarized under several headings. 
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Volume of secretions. Studies of the volume of gastric secretions have been 
carried out largely on adrenalectomized rats. The techniques employed have 
entailed pyloric ligation (MappEN and Ramsspure 195la,b, WeLBouRN and 
Cope 1953) or the injection of the parasympathomimetic drug carbachol (TUERKTI- 
SCHER and WERTHEIMER 1945). In all instances, the volume of gastric secretions 
has been found to be subnormal. That this decrease is evident immediately 
following adrenalectomy is indicated in the report of MappEN and RamsBurRG 
(1951b). After a 24-hour fast, pyloric ligation and, immediately thereafter, 
adrenalectomy were performed in a group of rats. Another group was subjected to 
pyloric ligation alone. Stomachs were removed at the 6th postoperative hour and 
the volumes of their contents measured. Stomachs from control animals were 
found to contain 8.7 + 0.17 ml of fluid on the average and those from adrenal- 
ectomized animals 5.7 + 0.19 ml. 


Acidity of secretions. The pH of the stomach contents rises after adrenalectomy 
of the rat. TUERKISCHER and WERTHEIMER (1945) observed a rise from a pH of 
about 1.5 in intact rats to a pH of about 6 after adrenalectomy. A smaller decrease 
in the acidity of the gastric contents (to a pH of about 3.8) was observed by 
WELBOURN and Copz (1953) in adrenalectomized rats. In mice, on the other hand, 
H. DAvEenPorT and CHAVRE (1950) reported that the stomachs of adrenalectomized 
mice, male and female, secreted acid in vitro at a rate identical to those of intact or 
sham-operated, pair-fed controls. Their observations were made at various times 
from the 4th hour to the 7th day after operation. 


TUERKISCHER and WERTHEIMER (1945) measured, in addition, the free and 
total acid content of the gastric secretions after the injection of carbachol, and 
found them to be subnormal at 2—5 days after adrenalectomy. Furthermore, this 
drug was unable to evoke the gastric secretion of injected neutral red in adrenal- 
ectomized rats, although it induced such secretion readily in intact animals. In 
addition, the gastric secretory response to histamine and to insulin was depressed 
following adrenalectomy. Gastric secretory activities were essentially normal in 
rats subjected to adrenal medullectomy. 


In Addison’s disease, the gastric secretion of HCl is often reduced (THORN 1951). 
In his series of 50 patients, SorKIN (1949) reported a 50°% incidence of achlor- 
hydria. He noted, in addition, that “‘no definite relationship could be established 
in the present series between the occurrence of gastrointestinal symptoms and the 
presence of achlorhydria. The administration of dilute hydrochloric acid did not 
correct the symptoms in all of the patients who had achlorhydria.” 

STeMPIEN and DaGrapt (1954) reported on a patient with Addison’s disease in 
whom the secretion of HCl following the injection of histamine was markedly 
subnormal. By gastroscopy, the gastric mucosa of this individual appeared to be 
normal. J. Kyu et al. (1956) studied the gastric secretion of free HCl in patients 
with Cushing’s disease before and after adrenalectomy, using the gruel fractional 
test-meal technique. They found that the hyperresponsiveness of Cushing’s 
patients was reduced by adrenalectomy. 

Enzymic content of secretions. The enzymic content of gastric secretions likewise 
is lowered by adrenocortical insufficiency. TUERKISCHER and WERTHEIMER (1945) 
found that the rennin and pepsin content of gastric secretions is lowered by adren- 
alectomy of rats and that the peptic activity of the secretions is also diminished. 
Hrrscuowirz et al. (1956) studied the effect of adrenalectomy upon gastric 
pepsinogen in the rat. By the 7th postoperative day, the total pepsinogen content 
ofthe stomachs of saline-maintained adrenalectomized rats had fallen from a control 
value of 17,720 units of pepsin equivalents per stomach to 10,280 U per stomach. 

8* 
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No further depletion of pepsinogen occurred on a low sodium diet, but an additional 
significant decrease was observed after starvation. 

The excretion of uropepsin, a urinary proteolytic enzyme believed to be 
secreted by the gastric mucosa (Spiro et al. 1950), has been found to be subnormal 
in Addison’s disease. Gray and Ramsey (1957) reported that, in 265 normal adults, 
the average uropepsin excretion was 3,670 U per day; 12 Addisonian patients were 
found to have an average excretion of 542 U per day. Sprro et al. (1950) found an 
excretory rate of less than 500 U per day in Addison’s disease. 


TUERKISCHER and WERTHEIMER (1945) reported that the gastric secretions of 
adrenalectomized rats are relatively rich in mucin. However, the content of 
mucus within the mucous neck cells is reduced (BAKER and BrripGMAN 1954). 


3. Intestines 
a) Anatomical changes 


Voar (1943a) reported that abnormal spastic contractions can be observed in 
the small intestines of moribund adrenalectomized rabbits, and that, in general, 
the entire gastrointestinal tract is “atrophic” at this time. In these rabbits, death 
occurred, on the average, on the 10th postoperative day. SATAKE et al. (1931), 
by means of a Thiry-Vella fistula, observed congestion and diffuse hemorrhage in 
the intestines of adrenalectomized dogs and rabbits. Rocorr and StEwaRtT (1928 b) 
made similar findings at autopsy in many adrenalectomized dogs but noted that, 
on occasion, the gastrointestinal tract was wholly devoid of congestion and that 
there was no blood in the lumen. Gunn (1927) reported that the intestinal mucosa 
of the adrenalectomized cat is anemic in appearance. 


In their histological and histochemical study of the gastrointestinal tract of the 
adrenalectomized rat, BAkER and BripgMan (1954) observed that the duodenal 
villi became relatively low and broad. The goblet cells in the villous epithelium 
became smaller and contained less mucus. The alkaline phosphatase activity of 
the absorptive cells was slightly reduced after adrenal extirpation. The most 
striking alteration occurred in the duodenal Paneth cells; they underwent several- 
fold enlargement and their content of granules increased markedly. No major 
changes in the histology of the colon occurred. 


SORKIN (1949) observed that hyperplasia of the lymphatic elements of the 
gastrointestinal tract has been found in the postmortem examination of individuals 
with Addison’s disease (see p. 126). 


b) Motor activity 


Voer (1943a) made a detailed physiological and pharmacological study of the 
small intestine in adrenalectomized rabbits. Portions of the jejeunum were 
removed from adrenalectomized rabbits when death seemed imminent and were 
suspended in a bath containing oxygenated, glucose-free Tyrode’s solution. The 
muscles in the longitudinal coat showed normal spontaneous activity and a normal 
response to a variety of agents (physostigmine, nicotine, histamine, acetylcholine, 
epinephrine, ephedrine and hypertonic NaCl solutions). The muscles in the circular 
coat frequently displayed powerful spontaneous spasmodic rhythmic contractions; 
such activity is not seen in strips of jejeunum from intact rabbits. The response of 
the circular muscles to agents that presumably stimulate them via an effect on 
the nerve plexus was unpredictable. Nicotine and hypertonic NaCl solutions 
provoked normal responses in the circular muscles but, in some strips, the 
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response to physostigmine was weak or wholly absent. The responses to agents 
that presumably affect the circular muscles directly (muscarine and KCl) were 
normal. The alterations in intestinal function resulting from adrenalectomy (by 
the criteria of this study) seem to be confined to the muscles of the circular coat 
and seem to consist of abnormal spontaneous activity and a reduced responsiveness 
to some drugs that are presumed to act via the plexus of Auerbach. Voet found no 
evidence of a disturbed carbohydrate metabolism in the intestine of the adrenal- 
ectomized rabbit, and, since the addition of an adrenocortical extract (Eucortone) 
to the bath did not cause restoration of normal function, the abnormalities 
reported above were interpreted as “‘secondary effects of suprarenalectomy caused 
by primary deficiencies in other organs.” 


Wyman (1953) studied the propulsive motility of the small intestine in adrenal- 
ectomized rats. Between the 4th and 7th postoperative day, adrenalectomized rats 
were given a suspension of powdered charcoal by stomach tube after a fast of 
24 hours. Control observations were made in similarly treated intact and sham- 
operated animals. The animals were sacrificed 30 minutes after the administration 
of the charcoal and the findings expressed in terms of the fraction of the total 
length of the small intestine traversed by the test “meal.” Two-thirds of the 
adrenalectomized animals displayed increased propulsive motility while one-tenth 
displayed intestinal activity less than that found in the control animals. Propulsive 
motility could not be correlated with severity of adrenocortical insufficiency, since 
signs of intense adrenocortical insufficiency were present in some rats with 
increased motility and in some with subnormal motility. WyMAN suggested that 
the K* retained after adrenalectomy acts as a stimulant to smooth muscle and 
thus accounts for the finding of enhanced propulsive motility. 


The findings of Voat (1943a) and Wyman (1953) indicate that increases in the 
motor activity of the intestine occur after adrenalectomy in the rabbit and rat but 
that this finding is not an invariable one. 


c) Absorptive and secretory activities 


Many studies have shown clearly that the ability of the intestinal mucosa to 
absorb inorganic electrolytes, carbohydrates and fats is impaired in adrenocortical 
insufficiency. These findings have been summarized in earlier reviews (SWINGLE 
and Remineron 1944, KenpaLyt 1948, Nope 1950). VerzAr and his associates 
have attempted to determine an enzymic basis for these absorptive disturbances. 
They reported that alkaline phosphatase activity in the intestine decreased after 
adrenalectomy (VERZAR and SaILER 1952). The activities of certain enzymes in the 
intestinal mucosa of the rat before and after adrenalectomy were also determined 
in in vitro assays (LUtHy and VERZzAR 1954). They found that hexokinase (gluco- 
hexokinase) activity was unaffected between the 6th and 10th postoperative day, 
but that adenosinetriphosphatase activity had fallen to two-thirds of control 
values. VeRzAR has long maintained that impaired phosphorylation plays an 
important role in the retarded absorption of certain foodstuffs in adrenocortical 
insufficiency, but the findings of other workers do not support this concept. This 
situation has been reviewed by Kenpatu (1948) and Nose (1950), and is dis- 
cussed by Levine and GoLpsTEIn in Chapter 7 of this Volume. Also of interest in this 
area are the observations of Moog (1959) that demonstrate a direct relationship 
between adrenocortical hormones and the phosphatase activity of the duodenum. 


No studies of the effects of adrenocortical insufficiency upon intestinal secretions 
have come to the attention of the authors. 
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4. Histamine content 


Rosg and Browne (1941) reported that the histamine content of the stomach 
and intestine of the rat was over 300% of control values by the 12th day after 
adrenalectomy. P. MARSHALL (1943) found that adrenalectomy resulted in increases 
in the histamine content of many organs in the rat, but that the stomach was one 
organ in which an increase did not occur. We cannot, therefore, state what effect 
adrenalectomy has on the histamine content of the rat stomach. Rosr and BROWNE 
(1941), P. Marswaty (1943) and Barrier and Locxert (1959) all agreed that the 
histamine content of the rat intestine rises after adrenalectomy. Such unanimity 
lends credence to this observation. However, it makes interpretation of the report 
of VaLerrE and Hurposro (1952) more difficult. These authors found that the 
histaminase content of the rat intestine also increases after adrenalectomy. Further 
investigations may resolve the puzzle of an increase in a tissue’s content of 
histamine contemporaneous with an increase in the activity of an enzyme capable 
of accelerating the detoxification of this amine. In the cat, however, HAEnGER et al. 
(1952) reported that the histaminase activity of the intestine is decreased after 
adrenalectomy. 


VI. Reproductive system 
1. Ovarian function 
a) Sexual maturation 


The age at vaginal opening in adrenalectomized albino rats was found to be the 
same as in intact animals (WADE and HazeLwoop 1941). 


b) Estrous cycle 


Data on alteration of the estrous cycle following adrenalectomy are not 
consistent. CaRR and Connor (1933) found that in all of 80 rats, which had been 
cycling normally, estrous cycles ceased following adrenalectomy. S. Martin (1932) 
noted that cycles were suppressed or prolonged in 88 % of 121 rats that survived 
adrenalectomy by 7 to 27 days. In a later paper (S. Martin and FazEeKas 1937), 
abnormalities of the estrous cycle were reported in only 45 °% of the animals; in 
this instance physiological saline was made available after adrenalectomy. AGATE 
and ZwEMER (1935) found no effect of adrenalectomy on estrous cycles in untreated 
animals; many of these animals had accessory adrenal cortical tissue and were 
regarded by the authors as having only moderate adrenocortical insufficiency. 

From the results obtained by different experimenters, it appears that mainten- 
ance of the estrous cycle depends on the general health of the adrenalectomized 
animal and that it may be normal if an adequate intake of sodium salts is provided 
(PARKES 1945). 

c) Ovulation 


Coitus-induced ovulation in rabbits is not interfered with by adrenalectomy 
(FRIEDGOOD 1939, Parkes 1945). Impairment of ovulation was demonstrated in 
cats, but also followed a variety of other surgical procedures (FRIEDGOOD 1939). 
Since many animals do become pregnant after adrenalectomy (see below), it is 
evident that ovulation may occur. 


d) Menstrual cycle 


In women with primary adrenal insufficiency, given adequate replacement 
therapy, the menstrual cycle can be expected to be undisturbed (SaMUBLs et al. 
1943, THORN 1951), although SorKrn (1949) states that amenorrhea and sterility 
are common. 
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2. Testicular function 


Broutn and Linpsacu (1951) found no degeneration of the seminiferous 
epithelium in adrenalectomized rats. In chickens, however, adrenalectomy is 
followed by testicular atrophy even when saline and adrenocortical extract are 
given (HERRICK and TorstvErT 1938, Parkes 1945). In male cats sexual behavior 
is not impaired by prepuberal adrenalectomy (M. Levy et al. 1956); this finding 
was interpreted as an indication of normal testicular function, since animals 
castrated before puberty failed to mature in this respect. Adrenalectomized rats 
are able to fertilize intact females (Brrrron and KiineE 1936). 


3. Gonadotrophie activity 


The occasional interference with the estrous cycle in rats after adrenalectomy 
has led to investigation of the possibility of impaired response to gonadotrophin or 
of reduced gonadotrophin production. 


a) Response to gonadotrophin 


ParkeEs (1945) stated that adrenalectomized rats show normal responses to 
injections of gonadotrophin(s). Brotry and LinprBAcu (1951) found that ovaries 
and testes of adrenalectomized rats responded to gonadotrophin (LH or mixed 
FSH and LH preparations) as did those of intact animals. ZUCKERMAN (1953) 
summarized work that indicates that responsiveness to either FSH or LH is 
reduced by adrenalectomy; the rats studied were immature. MAanptu (1954) also 
found that the ovaries of immature adrenalectomized rats respond less than those 
of intact animals to pregnant mare serum, while adrenalectomy of adult animals 
does not affect the response. Thus there seems to be an age differential in re- 
sponsiveness of the gonads to adrenalectomy. 


b) Gonadotrophin production 


Bioassay of the gonadotrophin content of the pituitaries of adrenalectomized 
rats was made in immature animals by 8. Martin (1932). The increase in the 
ovarian weight of the test animals was 27 mg, as compared to 42 mg when the 
donor animals had intact adrenals, indicating less gonadotrophin in the pituitaries 
of adrenalectomized animals. 8S. Martin and FazeKas (1937) reported that the 
gonadotrophin content of the pituitaries of adrenalectomized female rats was 
reduced in only 40 °% of the animals studied. 

These findings suggest that disturbance of the estrous cycle may be the result 
of reduced gonadotrophin production, which in turn may reflect the general 
condition of the animal, rather than being a specific consequence of adrenalectomy. 


4, Pregnancy 
a) Influence of adrenal insufficiency on pregnancy im animals 


«) Adrenalectomy before pregnancy. The incidence of pregnancy in adrenal- 
ectomized rats is variable. Brirron and Kine (1936) found that only 5 of 19 
animals became pregnant. These pregnancies were carried through successfully; 
however, accessory adrenal tissue was found in all 5 animals. In untreated adrenal- 
ectomized rats, 14 of 38 that had mated became pregnant; only 3 litters were 
delivered (Toprn 1941). Parkes (1945) concluded that, if adequate salt and water 
are available to the animal, adrenalectomy does not interfere with reproduction. 
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Currs (1955) found that untreated adrenalectomized rats did not become pregnant ; 
treatment with 0.25 mg cortisone per day allowed pregnancy to occur but the 
number of young per litter was reduced; daily treatment with 1.25 mg cortisone 
and 0.5 mg deoxycorticosterone restored reproductive capacity and litter size to 
normal. 

B) Adrenalectomy during pregnancy. The effect of adrenalectomy depends on 
the stage of pregnancy at which the operation is performed. Brirron and KLINE 
(1936) did not mention the stage of pregnancy in the rats they adrenalectomized; 
in all abortion or fetal death resulted. Carr and Connor (1933) found that abortion 
occurred if rats were adrenalectomized before the 16th day of gestation; those 
operated upon later went to term but died in labor or a few days after parturition. 
Tosin (1941) reported that 16 of 40 rats remained pregnant when adrenalectomy 
was performed on the 2nd day, and that gestation was undisturbed in 23 of 
25 operated upon between the 17th and 19th days. 

In cats, adrenalectomy consistently interrupts pregnancy (Brirron and 
Kure 1936, Parkes 1945). 

Dewar (1957) adrenalectomized mice on the 13th to 15th day of pregnancy 
without ill effect. He found that the animals gained weight as did normal ones, 
and attributed this effect to the presence of the placenta, as it was not affected by 
destruction of the fetuses. 


b) Influence of pregnancy on adrenal insufficiency in animals 


Prolongation of life in adrenalectomized animals by pregnancy was observed 
many years ago by Rogorr and Stewart (1926/27), who suggested that the 
adrenals of the fetuses were not responsible for the benefits observed. Since 
pseudopregnancy has the same effect as actual pregnancy in cats and dogs (reviewed 
by ParKes 1945), it appears that this early suggestion was correct. The careful 
work of CHRISTIANSON and CHESTER JONES (1957) makes it clear that the fetal 
adrenals play no role in the physiology of the adrenalectomized mother rat. As 
Dewar (1957) demonstrated in the mouse, weight loss does not become evident 
until after the delivery of the placentas, even when the fetuses have been destroyed 
prior to the termination of pregnancy. 


c) Pregnancy in Addison’s disease 


See p. 144 for discussion of this subject. 


5. The mammary glands and lactation 
a) Mammary growth and development 


Studies of the effects of adrenocortical insufficiency upon mammary growth 
and development have been carried out largely in rats. Conflicting findings have 
been reported. 

Butcuer (1939), REEDER and Leonarp (1944) and R. Jonnston and Smrru- 
cors (1948) all reported that adrenalectomy acts as a stimulus to the growth and 
development of the mammary glands of immature rats. BuTcHER adrenalectomized 
female rats at 30 days of age, permitted them access to a 3° NaCl solution there- 
after and sacrificed them on the 10th to 15th postoperative day. At this time, he 
found the adrenalectomized rats to have a greater area of mammary tissue than 
did unoperated littermate controls, and that many more lateral and end buds were 
visible in these enlarged glands. The same results were obtained in animals from 
whom the ovaries were removed at the time of adrenalectomy. ReEDER and 
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LronarD adrenalectomized male rats at 22 to 35 days of age, maintained them on 
saline in the postoperative period and sacrificed them on the 10th to 12th post- 
operative day. They too observed more lateral and end buds on the ducts of the 
mammary glands than could be found in the glands of intact or castrated rats, but 
they did not find that adrenalectomy was followed by any increase in the area of 
the mammary glands. The combination of castration and adrenalectomy gave 
results identical to those obtained with adrenalectomy alone. R. Jounston and 
SmiTHcors (1948) found that elongation of the mammary ducts occurred after 
adrenalectomy of immature, castrated rats. 

Cowik (1949b) adrenalectomized male and female hooded Norway rats at 
22 days of age. Despite maintenance on saline, most of the animals died at various 
intervals up to the 40th postoperative day. By relating total mammary-gland 
area to body surface at various ages in intact animals, a relative growth rate for 
the glands could be determined. Cowrz found that adrenalectomy produced no 
alterations in the relative growth rate of the mammary glands. RICHARDSON (1955), 
studying immature female mice, likewise found adrenalectomy to be without 
effect on mammary growth. In her study, gonadectomized animals were compared 
with gonadectomized-adrenalectomized animals. No changes could be found in 
the doubly-operated animals that were not present in those that had undergone 
gonadectomy alone. TRENTIN and TURNER (1947) employed male rats weighing 
200—300 grams. The animals were castrated 41—103 days before sacrifice. In 
addition, some of the animals were adrenalectomized 10 days prior to sacrifice. 
These authors found that castration resulted in some reduction of the alveolar 
development normally found in the mammary glands of adult male rats. Adrenal- 
ectomy of castrated males was followed by complete regression of alveolar develop- 
ment and the ducts had a thin, atrophic appearance. Cowre and Fouuey (1947) 
also found, frequently but not invariably, that adrenalectomy of gonadectomized 
immature male and female hooded Norway rats was followed by some slight 
regressive changes in the mammary glands. They felt the changes to be so slight, 
however, that they concluded that their findings provided “‘little evidence that the 
adrenal cortex plays an outstanding and essential role in the normal development 
of the mammary gland.” 

It does not seem possible to reconcile these discrepant findings at this time. It 
is of interest that observations of adrenalectomy-induced growth and develop- 
ment of mammary glands were made in immature rats (BUTCHER 1939, REEDER 
and Lronarp 1944, R. JoHNnsToN and SmirHcors 1948), while pronounced 
regressive changes occurred after adrenalectomy of adult animals (TRENTIN and 
TurRNER 1947). However, this does not materially assist in evaluating findings that 
adrenalectomy is without effect upon the mammary glands of immature rats and 
mice (CowI1E 1949b, RicHARDSON 1955). 


b) The response of the mammary glands to estrogens 


Adrenalectomy of the immature male rat seems to potentiate the response of 
the mammary glands to estrogenic compounds. REEDER and Lronarp (1944) 
administered 5 ug of estradiol dipropionate per day for 10 to 12 days to animals 
that had been adrenalectomized at 22 to 35 days of age. They observed a greater 
dilation of the lateral buds in these animals than they did in intact rats receiving 
the same quantities of estradiol. R. Jounston and Smrrucors (1948) likewise 
found a greater increase in the area of mammary tissue and more pronounced 
lobular and alveolar development with diethylstilbestrol in adrenalectomized- 
castrated rats than in animals that had been subjected to gonadectomy alone. 
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In the adult male rat, however, adrenalectomy results in a reduced response on 
the part of the mammary glands to estrogens. TRENTIN and TURNER (1947) inj ected 
5 ug of estradiol in oil per day for 10 days to castrated and adrenalectomized- 
_ castrated rats. The administration of estradiol to castrated rats resulted in a 

marked stimulation of duct and alveolar growth, while in the doubly-operated 
animals, duct growth alone was produced. 


c) Lactation 


The quantities of milk secreted after parturition by mammals with adreno- 
cortical insufficiency are ordinarily too scanty to meet the needs of the newborn. 
Such observations have been made in all mammals studied thus far and have been 
well summarized in previous reviews (PETERSEN 1944, Harrman and BROWNELL 
1949, FotiEy 1953, 1956, Lyons et al. 1958). 


VU. The thyroid gland 


Many studies, too numerous to summarize here, have been made on the effect 
of adrenocortical hormones on thyroid function. Such studies have particularly 
concerned themselves with the impact of exogenous adrenal steroids upon some 
aspect of thyroid function, such as the uptake of iodide by the gland. Relatively 
few studies have been made of the function of the thyroid gland (and of the biological 
effects of its hormones) in states of adrenocortical insufficiency. These few studies 
leave many questions unanswered, for numerous aspects of the problem remain 
unexplored, and, even among themselves, not all the findings are in agreement. 


1. Thyroid function in adrenocortical insufficiency 
a) The secretion of thyrotrophin 


From their studies on thyroid-adrenocortical interrelationships, 8S. Hix et al. 
(1950) concluded that adrenal steroids are capable of inhibiting the secretion of 
thyrotrophin (TSH) by the anterior pituitary gland. In support of this conclusion, 
they cited instances of patients in whom thyroid function, as measured by [34 
uptake, was depressed by the administration of ACTH. If TSH was given to such 
patients, [31 uptake and serum protein-bound iodine (PBI) levels returned to 
normal (and even above normal), despite the continued administration of ACTH. 
This report (and others to be cited below) suggest that adrenocortical hormones (in 
particular, those with biological effects like cortisol) normally exert some inhibitory 
effect (direct or indirect) upon the thyroid gland. However, there is not invariable 
evidence, in states of adrenocortical insufficiency, of a diminution of any restraint 
of thyroid function. With respect to TSH-release, however, one piece of evidence 
is available. G. Harris and Woops (1956) studied the effects of stimulating 
rabbits in the area of the tuber cinereum. Electrodes implanted in this area were 
designed to respond to remote signals, and thus observations could be made in 
unanesthetized, unrestrained animals.Thyroid function was assessed by administer- 
ing I? to the rabbits and measuring the glandular content of this isotope and the 
PBI concentrations in blood before and after stimulation of the tuber cinereum. 
Of 22 animals, only one gave evidence of increased thyroid activity following 
electrical stimulation of this area. Fourteen of these animals were subsequently 
adrenalectomized and, of this group, 10 now gave evidence of marked increases in 
thyroid activity when the tuber cinereum was stimulated. 
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b) The secretion of thyroid hormones 


Thyroid function in states of adrenocortical insufficiency has been variously 
found to be increased, decreased or essentially normal. 

In 1921, Martyn and Baumann reported that adrenalectomy or damage to 
the adrenal glands by freezing resulted in an increased heat production and CO, 
output in approximately three-quarters of the rabbits treated. They also observed 
thyroid hypertrophy following adrenalectomy of rabbits. The following year, these 
authors (MARINE and Baumann 1922) reported that prior thyroidectomy prevented 
or greatly diminished the increased metabolic activity found commonly in rabbits 
after adrenalectomy. They concluded from these studies that adrenocortical 
secretions normally act as a restraint upon thyroid function, as evidenced by the 
increased thyroid activity that followed adrenalectomy. This concept was support- 
ed by the findings of Davis and Hasrrnas (1933), who studied the aerobic me- 
tabolism of excised abdominal muscles obtained from intact and adrenalectomized 
mice. The oxygen consumption in vitro of abdominal muscle increased after 
adrenalectomy, and such an increase did not follow prior thyroidectomy. 
Davis and HastTINGs suggested that the increased oxygen consumption reflects 
increased thyroid activity which, in turn, may reflect a physiological attempt to 
compensate for the metabolic disturbances occasioned by adrenalectomy. VIDOVIC 
and Popovic (1954) reported that adrenalectomy of the hibernating ground 
squirrel resulted in a rapid return of body temperature to normal (within 1 to 
2 hours). The thyroid gland of this animal, when hibernating, takes up no iodide. 
Within 3 days after adrenalectomy, thyroidal *! uptake was equivalent to that 
found in non-hibernating animals. One might interpret these findings as indicating 
activation of the thyroid gland by adrenalectomy. However, as animals subjected 
to sham adrenalectomy or prior thyroidectomy were not employed in this study, 
judgment must be reserved. 

In a study on patients with Addison’s disease, S. Hux et al. (1950) reported 
that thyroidal [*! accumulations, PBI concentrations and basal metabolic rates 
(BMR) fell within normal limits, but that the mean values for this group of 
subjects were slightly below the corresponding mean values for a group of normal 
individuals. 

In castrated rats, the uptake of ['*! by the thyroid can be doubled by the prior 
administration of estrogens (FELDMAN 1956). This estrogenic effect is in no way 
influenced by adrenalectomy. 

Avs et al. (1921) reported that the basal metabolism of the cat is reduced 25 % 
by adrenalectomy; this finding was confirmed by SwiNcte et al. (1931) and by 
WesstTer et al. (1931). A similar decline in basal metabolism in the dog following 
adrenalectomy was made by Harrop et al. (1931 a). 

In a consideration of these differences between species, the following facts must 
be borne in mind. The reports of apparent decreases in thyroid activity following 
adrenalectomy were made in cats and dogs, animals that usually deteriorate 
rapidly after the removal of the adrenals and die within one to two weeks (NOBLE 
1950). It is difficult to know how to interpret data obtained from animals for 
whom death may be very near; in the preterminal state, one would expect a body- 
wide decline in cellular activity. On the other hand, it is equally difficult to 
interpret data obtained from animals that may have less than total adrenocortical 
insufficiency. Martine and Baumann (1921, 1922) employed animals (rabbits) in 
whom accessory adrenocortical tissue occurs frequently (Korma 1929, Frror and 
GRoL~iMAN 1933). Although mice are reported to die, on the average, 5 days after 
adrenalectomy (Frror and GRoLLMAN 1933), the observations of Davis and 
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Hastings (1933) reported above were made in mice 40 to 70 days after adrenal- 
ectomy. Here, too, there is certainly the possibility of accessory adrenal tissue or 
incomplete adrenalectomy. These differences could be reconciled, after a fashion, 
by invoking the possibility of species differences in response to adrenalectomy. In 
general, however, the investigations cited above seem inadequate to answer the 
question regarding the status of thyroid function in states of adrenocortical 
insufficiency. 


2. Tissue responses to thyroid hormones in adrenocortical insufficiency 


In general, it has been found that the biological effects of thyroid hormones are 
reduced in adrenocortical insufficiency. Tissues seem to require adrenocortical 
hormones if they are to respond normally to thyroid hormones. 

Horrmann et al. (1948) reported that the usual increase in oxygen consumption 
of the whole animal that follows administration of thyroxine was much less evident 
in the adrenalectomized rat. If oxygen consumption was first increased by the 
administration of thyroxine, it declined following adrenalectomy despite continued 
administration of the thyroid hormone. The normal response to thyroxine could 
be restored in adrenalectomized rats by giving them adrenocortical extract 
(Eschatin). In 1951, Horrmann et al. extended these studies. Immature male and 
female rats were given 10 wg of thyroxine per day throughout the entire period of 
the experiment. Urinary nitrogen excretion rose from 88 to 125mg per day. At 
this point, adrenalectomy was performed in some of the animals and they were 
given access to a 1% NaCl solution. The remainder of the animals were subjected 
to sham operation and, in the postoperative period, pair-fed with the adrenal- 
ectomized rats. Despite pair-feeding, by the 7th postoperative day, nitrogen 
excretion in the sham-operated animals had further increased to 143 mg per day 
and the O, consumption of the whole animal at this time was 33 % greater than it 
had been prior to the daily administration of thyroxine. In the adrenalectomized 
rats, nitrogen excretion on the 7th postoperative day had decreased to the pre- 
treatment level or lower and O, consumption was actually 10% less than it had 
been in the intact rats prior to thyroxine administration. 

TrpTon et al. (1946) studied the effects of feeding desiccated thyroid substance 
upon succinoxidase and cytochrome oxidase activities in rat liver. Increases in 
these activities could first be detected on the 4th experimental day. From that 
point on, the activities of these enzymes increased steadily. If at any time in the 
experimental period adrenalectomy was performed, no further increases were noted. 

These findings of reduced tissue responses to thyroid hormones in adrenocortical 
imsufficiency have a definite bearing on the problem discussed in the previous 
section. In that section it was reported that many investigators measured thyroid 
function in adrenocortical insufficiency by various indirect criteria such as heat 
production or O, consumption. Implicit in such measurements is the assumption 
that the tissues’ capacity to respond to thyroid hormones is not significantly 
modified by adrenocortical insufficiency. In the case of the rat, at least, such an 
assumption would appear to be invalid. If tissue responses to thyroid hormones 
are also reduced following adrenalectomy in rabbits and mice, and if changes in 
heat production, O, consumption and CO, excretion are valid, albeit indirect, 
indices of thyroid activity, then the positions of Marinr and Baumann (1921, 
1922) and Davis and Hastings (1933) that thyroid activity increases after adrenal- 
ectomy gain support. With reduced responsiveness on the part of tissues, a greater 
quantity of thyroid hormones would be required to achieve any given intensity of 
biological effect. Again, however, any position in this matter must be tentative 
until more facts become available. 
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3. The role of thyroid hormones in adrenocortical insufficiency 


Despite the fact that the capacity of the tissues to respond to thyroid hormones 
is reduced following adrenalectomy of at least one species, the rat, thyroid hor- 
mones are capable of intensifying the signs and symptoms of adrenocortical 
insufficiency and thereby threatening the survival of the organism. Sensitivity to 
the potentially deleterious effects of an excess of thyroid hormones is increased in 
adrenocortical insufficiency. 

Perhaps the earliest intimation of this fact is to be found in the report of 
ZWEMER (1926/27b). In his laboratory at that time, cats survived, on the average, 
for 53 hours following completion of two-stage adrenalectomy. Animals previously 
thyroidectomized survived for an average of 200 hours after adrenalectomy, while 
those fed desiccated thyroid substance survived for only 18 hours. Subsequently, 
numerous reports of crises induced in states of adrenocortical insufficiency by the 
administration of thyroid hormones were made from studies of animals (CARR and 
ConNoR 1933, KoELscHE and KENDALL 1935, Kenpaty 1940) and human beings 
(Harrop et al. 1933b, I. ANDERSON and Lyatt 1937, MEans et al. 1940). 

There seems little doubt that an excess of thyroid hormones creates stresses 
within the organism that increase its need for adrenocortical hormones. THORN 
(1951) has suggested that thyrotoxicosis of long standing can be an important 
factor in the initiation of Addison’s disease. 

Thyrotoxicosis can significantly modify the signs and symptoms of adreno- 
cortical insufficiency. Body temperature, BMR and cardiac size and activity may 
be greater than those ordinarily encountered in uncomplicated Addison’s disease, 
and hypoglycemic episodes may be more frequent and muscular weakness more 
pronounced (THORN 1951). While coexistent thyrotoxicosis threatens the well- 
being of the patient with Addison’s disease and makes maintenance therapy more 
difficult, the signs and symptoms of thyrotoxicosis and its response to appropriate 
therapeutic measures appear to be unaffected in states of adrenocortical insufficiency 
(Rupp and Pascuxts 1957). 

In patients suffering from both Addison’s disease and hypothyroidism, the 
disturbances in carbohydrate metabolism so characteristic of adrenocortical 
insufficiency are less intense. Attempts to treat the hypothyroidism with exogenous 
hormones must be undertaken cautiously because of the increased sensitivity to 
thyroid hormones (THORN 1951). 


4. The incidence of thyroid dysfunction in Addison’s disease 


In a study of 180 cases of Addison’s disease, FREDERICKSON (1951) reported 
that 8 of the patients gave evidence of having hyperthyroidism. Such an incidence 
is 10 times greater than one encounters in the general population. Rupp and 
Pascukis (1957), studying coexistence of Addison’s disease and thyrotoxicosis, 
concluded that only 8 authentic cases of this combination of diseases exist in the 
literature. 

Bioopwortu et al. (1954), in a study of 35 cases of Addison’s disease, reported 
that 13 of their patients gave clinical or laboratory evidence of hypothyroidism. 
Pituitary failure in these patients was ruled out on the basis of laboratory, clinical 
and autopsy findings. The most striking finding upon autopsy of hypothyroid 
patients with Addison’s disease was a lymphocytic infiltration of the thyroid gland. 
The authors hypothesized that the hypertrophy of lymphatic tissue so character- 
istic of adrenocortical insufficiency can manifest itself in the thyroid gland, 
producing secondary destruction of the thyroid acini. 
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On the basis of the presently available evidence, it must be concluded that 
signs of some degree of thyroid dysfunction are not uncommon in Addison’s 
disease. 


D. The status of some other tissues 
I. Lymphatic tissue 


Increases in the mass of the thymus and of the lymph nodes are common 
sequels to adrenalectomy (NoBLE 1950). The weight gains are considerably greater 
in the systemic (cervical, epitrochlear, etc.) lymph nodes of the rat than they are 
in the mesenteric nodes (REINHARDT and Hotmes 1940). The uptake of O, and of 
P%2 by lymphatic tissue is also increased after adrenalectomy of the rat (SHIBATA 
1954). The composition of the soluble proteins in these tissues, however, is little 
affected; in analyses of the electrophoretic patterns of soluble lymphatic-tissue 
proteins, PELLEGRINO and TorcreLrant (1956) found that slight decreases in two 
small, fast components were the only changes that could be observed after 
adrenalectomy. 

Attempts have been made to determine if the lymphatic hyperplasia is 
related causally to the lymphocytosis observed in some species after adrenal- 
ectomy (see p. 95). On the 20th day after adrenalectomy, in rats maintained 
postoperatively on saline, HUNGERFORD et al. (1952) measured an increase in the 
total cellular concentration in thoracic duct lymph that was possibly of statistical 
significance (p < 0.05). An extension of these observations to the 40th postoperative 
day was made by SHREWSBURY and REINHARDT (1955); the rate of flow and the 
cellular content of thoracic duct lymph were found to be normal at this time, 
although the thymus and the lymph nodes were still enlarged. These authors 
concluded that the lymphocytosis of adrenocortical insufficiency probably is a 
reflection of an abnormally long period of survival of lymphocytes in blood. 

Contrary to the general view, StoERK (1944) has doubted that thymus weight 
(expressed in terms of body weight) increases after adrenalectomy. He concluded 
that optimal thymus weights are rarely achieved in laboratory rats because of the 
intervention of such growth-inhibiting influences as undernourishment in large 
litters before weaning, the use of nutritionally inadequate diets subsequent to 
weaning, and the transient but significant effects of respiratory infections. It was 
his contention that the apparent hyperplasia of lymphatic tissue in adrenocortical 
insufficiency is, in reality, simply a manifestation of the normal growth potential 
of this tissue. In his view, adrenalectomy merely makes the lymphatic tissue less 
sensitive to the “‘suboptimal conditions” under which he holds the laboratory rat 
usually lives. This unique viewpoint has garnered little support from other 
investigators. 

II. The reticuloendothelial system 


A. GorpDoNn and Karsu (1949) made a study of the effect of adrenalectomy on 
the reticuloendothelial system in the rat. They found the concentration of Kupffer 
cells in the liver to be normal but the concentration of macrophages in the spleen 
to be reduced. 

The phagocytic cells, in general, were slightly subnormal in size; the density 
of cytoplasm was increased, condensation of the nuclear chromatin occurred and 
there was reduced evidence of phagocytosis. These changes were seen most 
prominently in the Kupffer cells in the liver and were less pronounced in the 
histiocytic elements in the spleen, thymus, lymph nodes and bone marrow. 

To test the phagocytic activity of the reticuloendothelial system after adrenal- 
ectomy, these authors administered intravenously a colloidal solution of thorium 
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dioxide. They found that the uptake of thorium by the spleen was subnormal, as 
did RetcHarD and Gorpon (1956). In addition, they found that thorium produced 
severe degenerative changes in the macrophages of the spleen that were not seen 
in intact rats. These changes consisted of vacuolation of the cytoplasm, nuclear 
condensation and pyknosis, and the coalescence of cells. The injection of thorium 
likewise produced a decrease in the total number and frequency of Kupffer cells in 
the liver. 
Ill. Calecified tissues 


1. Bone 


The influence of adrenocortical insufficiency upon bone is discussed in a 
previous section (p. 68). 
2. Teeth 


ScHour and Rogorr (1936) observed that calcification of the dentin in 
incisors of rats was disturbed after adrenalectomy. Globules could be seen through- 
out the predentin in the middle third of the incisors. The labial dentin stained 
more intensely than normally with hematoxylin, and a prominent stratification 
could be seen in the lingual dentin. No supportive therapy was furnished to these 
animals after adrenalectomy. 

PERLA and SANDBERG (1937) likewise observed abnormalities in the predentin 
of rats’ teeth after adrenalectomy. They noted that the predentin zone either 
disappeared or there was a marked condensation of the calcified portion. Vacuola- 
tion and pyknosis of nuclei were observed in the odontoblasts. Metaplasia and 
islands of osteoid tissue were observed in the dentin. These animals also had no 
supportive therapy in the postoperative period. 

These findings of changes in the predentin and dentin after adrenalectomy of 
the rat were not confirmed by APPLEBAUM and SEELIG (1955); the authors 
attributed this discrepancy to the fact that their animals were supplied with 
0.85 °% NaCl in the postoperative period. They confined their studies to fully 
erupted, first lower molars. They observed a loss of supporting bone in the lower 
jaw in the vicinity of the molars, and an unusually large amount of marrow in the 
septal bone. Within the molars themselves, the pulpal blood vessels were seen to 
be dilated and there was evidence of hemorrhage. 

Domm and WELLBAND (1960) observed that, 6 weeks after the adrenalectomy 
of 39-day old female rats, there was a significant reduction in the rate of growth 
of incisors. 

IV. Pigmentation of the skin 


1. Man 


AppISoN (1855) reported that there is usually a generalized increase in skin 
pigmentation in adrenal insufficiency, but that vitiligo may sometimes develop. 
Although vitiligo is relatively rare, it has occurred in well-documented instances of 
Addison’s disease (MoEHLIG 1947, SoRKIN 1949, THorN 1951) and may be the only 
manifestation of a change in skin pigmentation. T. Hau et al. (1953) described the 
use of reflectance spectrophotometry for the evaluation of intensity of skin pigmen- 
tation.J EGHERS (1944) reviewed pigmentation of the skin in man,and emphasized the 
yellowish pallor of patients with hypopituitarism as a feature distinguishing them 
from individuals with primary adrenal insufficiency. Abnormalities of pigmen- 
tation of the skin and mucosa may be especially difficult to detect in Negroes 
(BERGNER and ErseNsTEIN 1951). Administration of ACTH to individuals with 
normal adrenal function may lead to considerable darkening of the skin (‘T. Hat 
et al. 1953, GILBERT-DREYFUS et al. 1953). 
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Lerner et al.(1954) and BrERMAN and CoLBURN (1956) discussed the relationship 
of melanocyte stimulating activity to the skin pigmentation of Addison’s disease 
and its reversal by treatment with cortisone or cortisol. Jounsson and HOcBERG 
(1952, 1953) and Sutman (1953) found increased concentrations of a melanocyte 
stimulating substance in the blood of patients with adrenal insufficiency. SHIZUME 
and Lerner (1954) found an increased rate of urinary excretion of such a substance 
in patients with adrenal insufficiency, and that it was reduced by cortisone ad- 
ministration. HaLKreR (1953) was unable to confi m the observations of the 
previous authors, perhaps because a different species of frog was used in the 
bioassay. SULMAN (1956) investigated the melanocyte stimulating activity of the 
blood of 1200 individuals; he found it always increased in patients with Addison’s 
disease and also under other circumstances in which ACTH output could be ex- 
pected to be elevated. 

The relationship between ACTH and the melanocyte stimulating hormone is 
discussed by Jonnsson and Héapure (1952, 1953), SupMAN (1953), LERNER et al. 
(1954), Lerner and TaKkanasut (1956), Li (1956) and DeurscH and Mrscon 
(1957). The question of their chemical interrelationship is not yet completely 
resolved (STEELMAN and GUILLEMIN 1959, B. Hupson 1960, ScHALLY and GUILLE- 
MIN 1960). An amino acid sequence is common to melanocyte stimulating hormones 
and ACTH and apparently accounts for the melanocyte stimulating activity of 
ACTH (GuscHwinp 1959). 


2. Animals 


The changes in pigmentation of the skin and mucous membranes commonly 
seen in human beings with adrenal insufficiency have never been described in 
animals. 

SULMAN (1953) studied a variety of species (chickens, dogs, mice, rats, golden 
hamsters), and found no change in melanocyte stimulating activity in the plasma, 
following. adrenalectomy, in any of them. JoHNsson and HOGBERG (1953) reported a 
4-fold increase in melanocyte stimulating activity in the plasma of adrenalecto- 
mized rats — which, however, was not reduced by treatment of the animals with 
cortisone. 


V. Growth of hair and its pigmentation 


Adrenalectomy has been found to be a potent stimulus to the growth of hair in 
rats (BUTCHER 1937, DrEKE 1948, CHasE 1954). Investigators of this phenomenon 
usually remove the hair on the back of the animal by shaving or with the aid of a 
depilatory at the time of adrenalectomy; the rate of regrowth is then determined 
with the aid of photographs or drawings. 

In black or brown rats maintained on saline after adrenalectomy, RALLI and 
GRAEF (1943) noted a marked but transitory hyperplasia of the hair bulbs and 
follicles; it was most prominent on the 16th postoperative day and began to 
subside after the 30th day. ZecKWER (1953 a) observed a period of latency following 
adrenalectomy that was 12 to 23 days in duration. After this time, hair grew at an 
accelerated rate, but diffusely instead of in normal cycles. This investigator also 
observed (ZECKWER 1953b) that the rate of hair growth of adrenalectomized rats 
joined in parabiosis to intact rats was somewhat delayed in comparison to that of 
a single adrenalectomized animal, suggesting that the intact member of the pair 
had provided a hormone that inhibited hair growth. 

The fact that a tissue will grow more rapidly after adrenalectomy is a notable 
finding, because retardation or cessation of growth processes is the common sequel 
of this operation (see p. 68ff.). Hair growth occurs in the adrenalectomized animal 
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at a time when the rate of bodily growth is subnormal, and the animal appears 
overtly sick (BAKER 1951). The impetus to hair growth supplied by adrenalectomy 
prevails even in the presence of normally inhibitory factors such as underfeeding 
(BurcHER and Ricuarps 1939), or the administration of estradiol to ovariecto- 
mized rats (BAKER and WHITAKER 1949) and to male rats (INGLE and Baker 1951). 


In view of the many reports of accelerated regrowth of hair in adrenalectomized 
rats, the findings of L. Sremy and Wrerruetmer (1941) are of particular interest. 
They sought to determine if adrenalectomy affected the rate of hair loss in the rat. 
Studying male and female rats maintained on the Rubin-Krick solution post- 
operatively, they measured the daily molting of hair gravimetrically. They found 
that a 10-fold increase in hair loss occurred in male rats after adrenalectomy and a 
50 % increase occurred in female rats. (Disturbances in the skins of these animals 
ranged from the presence of abnormal amounts of dandruff to extensive areas of 
ulceration.) All of these changes were transitory and persisted for only 3 to 4 weeks. 
Changes similar in type and magnitude occurred after removal of only the adrenal 
medulla, and they could be prevented by the administration of Adrenalin. 


Adrenocortical insufficiency in human beings, especially in women, leads to a 
reduction in the rate of growth of pubic and axillary hair (ALBRIGHT et al. 1942a, 
KEPLER et al. 1943, Kinsett et al. 1954). Huaarns and Scort (1945) noted that 
pubic and axillary hair became sparse 2 months after adrenalectomy of a man who 
had been previously gonadectomized because of prostatic cancer. 


The pigmentation of the hair is usually not affected by the development of 
adrenocortical insufficiency. However, it has been reported that adrenalectomy 
can influence changes in hair coloration that are the result of certain dietary 
deficiencies. RALLI and GRAEF (1943) found that in black rats which had become 
gray while on a pantothenic acid-deficient diet, pigmentation of the hair was 
restored by adrenalectomy, appearing a few days after acceleration in the rate of 
growth of the hair became evident. The pigment was limited to the hair buds and 
follicles. By chemical studies of the skin, Spoor and Ratt (1944) demonstrated 
that the decrease in melanin content resulting from a diet deficient in pantothenic 
acid was partially restored by adrenalectomy. A diet deficient in copper also leads 
to graying of the hair of black rats, and this can be prevented by either adrenal- 
ectomy or hypophysectomy, according to Hunpiey and Ine (1951). Since either 
of these two maneuvers for reducing adrenal activity restores the hair pigment, the 
mechanism for the pigment changes could not be the same as that observed in man. 


E. Susceptibility to noxious influences 
I. Increased susceptibility 


It has been long known that, in states of adrenocortical insufficiency, the 
organism has a reduced capacity for withstanding stress. It shows an increased 
susceptibility to the noxious effects of chemical agents such as histamine and 
bacterial toxins; it is likewise more susceptible to changes in its environment such 
as extremes of heat and cold, or reduction in the O, content of the inspired air. It 
succumbs more easily to the effects of ionizing radiations. All of these findings 
have been treated in previous presentations (HarTMAN and BROWNELL 1949, 
Nose 1950, 1955, GermutTH 1956, SAUNDERS 1956). 

The cellular basis for this enhanced susceptibility to noxious influences in 
adrenocortical insufficiency is not well understood. In the opinion of one investiga- 
tor (GrRMUTH 1956), many stresses impose demands on the cardiovascular system. 
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In states of adrenocortical insufficiency, the cardiovascular system is unable to cope 
with these demandsand, hence, the organism’s ability to withstand stresses is reduced. 


II. Unchanged or decreased susceptibility 


In view of the many findings of enhanced susceptibility to a wide variety of 
noxious influences in states of adrenocortical insufficiency, it is of particular interest 
to note that the ability of the organism to cope with certain stresses may be 
unchanged or even increased after adrenalectomy. 

Viral infections. Several investigators have observed that the course of certain 
viral infections in mice is not altered by adrenalectomy. SourHamM and BaBcock 
(1951) noted that the susceptibility of adrenalectomized mice to lethal infection 
by West Nile, Ilheus and Bunyamwera viruses was no different than that of intact 
animals. Kupo et al. (1954) made similar observations in adrenalectomized mice 
infected with the Japanese encephalitis virus. J. Smirx et al. (1951) found that 
adrenalectomized mice were slightly less susceptible to the effects of the pneumonia 
virus of mice than were intact animals; adrenalectomy seemed to inhibit viral 
growth somewhat. All of the adrenalectomized animals employed in these three 
studies were maintained on saline in the postoperative period. 

The findings that adrenalectomy does not increase the susceptibility of mice 
to viral infections stand in sharp contrast to the findings of a subnormal resistance 
to bacterial infections in adrenalectomized rats (STEINBACH 1929, H. RoBiInson 
et al. 1953). 

Wound healing. One response of the intact organism to certain stresses, such as 
severe burns, is an increased urinary output of nitrogen; after adrenalectomy of 
the rat, this response is abolished or nitrogen retention develops (SELLERS et al. 
1950). In general, the failure of the adrenalectomized animal to demonstrate cer- 
tain usual responses to stress, coupled with the retardation of many growth pro- 
cesses (see p. 68ff.) might lead one to suspect that wound healing would not 
proceed normally in states of adrenocortical insufficiency. This has not been 
found to be true in the case of the rat. 

ALRIcH et al. (1951) performed experimental laparotomies in rats that had 
been adrenalectomized for one week. The tensile strength of the wound in the 
adrenalectomized animals at various times after laparotomy was comparable to 
that in the intact rats. CHassrN et al. (1954) performed similar experiments in rats 
that had been adrenalectomized for 15 days. On the 7th day after laparotomy, the 
tensile strength of the healing incision in adrenalectomized rats was actually 
significantly greater than it was in intact rats. The adrenalectomized rats used in 
these two studies were furnished with saline in the postoperative period. 

Oxygen poisoning. The inhalation of oxygen at pressures greater than one 
atmosphere for an appreciable period of time produces tracheobronchitis and 
disturbances in the function of the central nervous system that may lead to 
convulsions (GoopMAN and Ginman 1955, p. 912). Although adrenalectomized 
animals have a subnormal tolerance for hypoxia (NoBLE 1950), they have an 
unusual resistance to the toxic effects of O,. Adrenalectomized rats survive in an 
atmosphere of O, at a pressure of 6 atmospheres for a greater period of time than 
do intact animals (GERscHMAN et al. 1954, 1955). In the rat, adrenalectomy 
confers greater protection against the effects of O, at high pressures on the 
central nervous system than it does against the effects on the lungs (D. Taytor 
1958). The rats used in all these studies were maintained on saline after adrenal- 
ectomy, although D. Taytor (1958) found no significant difference in the responses 
of adrenalectomized rats supplied with water. 
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Diagnosis of adrenal insufficiency 


A. General symptoms and signs 


The possibility of chronic adrenal insufficiency should be considered in any 
patient who complains of weakness, weight loss, anorexia and vomiting, especially 
when increased pigmentation of the skin also occurs. [The interpretation of pigment 
changes in Negro patients may be difficult and misleading (Conn and Marrunws 
1946, BerGNer and EIsEnsrern 1951).] According to THorN (1951) abdominal 
pain, constipation or diarrhea are relatively infrequent symptoms, occurring in 
only 20—30 % of his patients. An increased appetite for salty foods is also ground 
for suspicion, although habit or renal disease may produce salt-craving. 

In some instances the neurological component of adrenal insufficiency may be 
so prominent that the presence of a brain tumor is suspected. Although such 
symptoms may be due to hypoglycemia and dehydration (THorN 1951) they may 
occur when the concentration of glucose in the blood is normal (see also brain 
excitability, p.111). Papilledema and increased intracranial pressure may be 
prominent findings in a patient with unsuspected Addison’s disease (BoUDIN et al. 
1950a, JEFFERSON 1956); their occurrence may be the consequence of water 
intoxication (BouprIN et al. 1950b). An erroneous diagnosis of brain tumor, 
pseudotumor or thrombosis of the intracranial dural sinuses may have disastrous 
consequences for the patient (JEFFERSON 1956). Some of the reports of papilledema 
in Addison’s disease describe patients who were being treated with DOC and 
sodium chloride; confusion in these instances would arise only from failure to 
realize that the neurological signs could be the result of excessive therapy (THORN 
1951, WautsxH 1952; see also treatment, p. 141). Since there is an association of 
adrenal insufficiency with certain organic neurological disorders (see also etiology, 
p- 52), the possibility of Addison’s disease must be considered in the evaluation 
of patients whose complaints are primarily neurological. 

Hypotension and a small diameter of the heart are to be expected except in 
patients in whom hypertension or heart disease were present before the onset of 
adrenal insufficiency. A small pulse pressure is also to be expected. A moderate 
decrease in the basal metabolic rate is a common finding, and THORN (1951) has 
emphasized that a normal basal metabolic rate in a patient with adrenal insuffi- 
ciency is suggestive of coexisting thyrotoxicosis. Adrenal insufficiency should 
always be suspected (1) in an infant with virilism or pseudohermaphroditism (to 
be discussed in Part 3 of this Volume), congenital adrenal hyperplasia with elec- 
trolyte imbalance, and (2) in patients with moniliasis involving the nails and 
corners of the mouth. 

Laboratory findings of elevated BUN or NPN, and of decreased Na* and Cl 
and elevated K* concentrations in the plasma provide support for the diagnosis. 
However, the concentrations of these substances may be so slightly altered as not 
to be detectable in patients with chronic adrenal insufficiency in reasonably good 
balance. The existence of moderate anemia is not especially helpful for diagnosis. 
Relative lymphocytosis with a low total white blood cell count is commonly found in 
adrenal insufficiency and in panhypopituitarism (DE LA Batze et al. 1946, Las- 
HART 1957, p.312); while the number of eosinophils is usually increased. BAxrz- 
VILLASENOR et al. (1948) stated that lymphocytosis and neutropenia occur, but 
that the total white blood cell concentration is within normal limits. 

In most instances more extensive diagnostic efforts must be undertaken, as 
indicated below. Detailed outlines for the investigation of adrenal status are 
available (THoRN 1951, THoRN et al. 1951, N. Tatzor et al. 1952, VENNING et al. 
1954, ForsHam and THorn 1955, Sorrer 1956, Lasnart 1957, Witxrys 1957). 

O* 
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B. Evaluation of adrenal funetion 


I. Water and electrolyte metabolism 
1. Response to ingestion of water 


The Robinson-Kepler-Power water test is based on the inability of patients 
with adrenal insufficiency to respond to a water load with prompt diuresis. 
Details of its performance are given by F. Rosson et al. (1941), THorn (1951), 


N. Tavsor et al. (1952). 

Test: Ingestion of extra NaClshould be eliminated for 3 days preceding the test. Fluids are 
withheld after 6 P. M. of the day immediately before the test. The patient voids at 10 P. M. 
and all urine passed until 7 A. M. is measured. Between 7 and 8 A. M. the patient drinks 20 ml 
of water per kg, and voids at hourly intervals thereafter until 11 A.M. If the volume of a single 
hourly voiding exceeds that of the urine passed during the night, adrenal insufficiency may be 
considered ruled out. If diuresis does not occur, a sample of blood is drawn for blood urea 
nitrogen and Cl" determinations, and the same determinations are made on the urine collected 
during the night. The following ratios are calculated: 


urinary urea nitrogen plasma Cl- ake volume largest hourly urine 
blood urea nitrogen ’” urinary Cl ” volume urine 10 P. M.— 7 A.M. ° 


‘““A”, the product of multiplication of these three ratios is less than 25 in indviduals with 
adrenal insufficiency. 

This test is relatively free of danger to the patient, although it may be unpleas- 
ant. It cannot be considered highly significant, since failure of water diuresis may 
occur in patients with hypothyroidism, intestinal insufficiency, cirrhosis or 
nephritis. In renal disease, especially of the salt-losing type, “A’’ may also be low 
(M.S. Levy et al. 1946, CrispELy et al. 1954). 


2. Concentrations of sodium and chloride in plasma 


The concentrations of Na* and Cl are usually low in adrenal insufficiency, but 
they may also be abnormal in other conditions. 

Low plasma Na* or Cl may be found in patients with tuberculosis (THORN et 
al. 1940a, Sts et al. 1950), acute porphyria (PRUNTY 1949), liver disease (Bonato- 
VANNI and EHISENMENGER 1951), chronic renal disease (THORN et al. 1944, JoHNs- 
son et al..1951) and in a variety of other disorders (WINKLER and CRANKSHAW 
1938, DanowskI et al. 1955). Water intoxication may be mistaken for adrenal 
insufficiency if reliance is placed entirely on plasma Na* concentration (WYNN and 
Ros 1954). 

PERLMUTTER (1956) suggested that simultaneous determination of Na* con- 
centrations in plasma and urine might facilitate the diagnosis of adrenal insuffi- 
ciency; in most non-adrenal causes of low plasma Na*, urinary Na‘ is also low, 
although excess urinary excretion of Na* is found in patients with salt-losing 
renal disease. 


3. Inability to conserve sodium 
a) Restriction of sodium intake 


Limitation of Na* intake to 200 mg or less per day may reveal adrenal insuffi- 
ciency (Harrop et al. 1933c, Nerrrour and Rynuarson 1934), when plasma 
electrolytes are normal. The individual with normal adrenal function is able to 
maintain a normal concentration of Na* in the plasma for 6 days, while reducing 
the urinary excretion of Na* to a very small amount. This test is not without 
danger, and may lead to death (GARVIN and RercuE 1940). The patient’s weight 
and blood pressure should be determined daily and the test should be terminated 
promptly if any adverse signs or symptoms develop. 
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Although patients with pulmonary tuberculosis may have low plasma Na* 
and Cl concentrations, they are able to conserve Na* on a restricted diet (Sims et 
al. 1950) and respond in a normal manner to the Cutler-Power- Wilder test (THORN 
et al. 1940a). 


b) Use of carbonic anhydrase inhibitor 


Hamwi and Brown (1956) proposed the use of a carbonic anhydrase inhibitor 
(Diamox), which promotes excretion of Na* and water, as a diagnostic test for 
adrenal insufficiency as an alternative to the restriction of Na* intake. They applied 
this test to 5 patients with Addison’s disease and induced crises in 4 of them. This 
result suggests that the dangers of the test are too great to justify its use. 


4. Potassium tolerance 


The Cutler-Power-Wilder test (CurLER et al. 1938b) requires a shorter period 
of time than does Na‘ restriction but is more hazardous for the patient. Alow Na* 
diet is supplemented with potassium citrate [42 mg per pound (454 g) of body 
weight]. On the third day of such a program, urine is collected for a 4-hour period 
in the morning. In healthy individuals, Cl” excretion is less than 60 meq/l; in 
Addisonians, the excretion is greater than 60 meq/l. Details of the diet for this 
-test are given by WILLSON et al. (1942) and THorN (1951), and a program modified 
for children is outlined by N. Taxpor et al. (1952). WiLLson et al. (1942) reported 
one false-positive response to this test when applied to 44 non-Addisonian patients, 
and one atypical response among 16 individuals with Addison’s disease; in 10 of 
these 16 patients the test had to be discontinued because a crisis was induced. 

J. JAFFE and Byron (1942) described a simplified test for K* tolerance, which 
depends on a rise in plasma K* concentration following administration of a single 
oral dose of K* [10 mg/lb (22 mg per kg)]. They concluded that the test was of 
limited usefulness since abnormal elevations of plasma K* were found in patients 
who did not have adrenal insufficiency by other criteria. 


5. Composition of sweat 


Conn (1949) reported elevated Cl” concentration in the thermal sweat of 
untreated patients with Addison’s disease — 110 meq/l, as compared to 60 meq, 
the greatest concentration found for a healthy person. Locker et al. (1951) 
found that Cl” concentration increased with the rate of sweating, while K* 
decreased. There was considerable overlap between the Na* and K* concentrations 
found in normals and those of patients with poorly-controlled Addison’s disease. 
They found the best correlation with adrenal status was provided by an index 
calculated from the rate of sweating and Cl concentration of the sweat. KLEEMAN 
et al. (1954) further defined some of the variables that must be controlled for 
confidence in interpretation of the results of sweat tests. GRONBAEK (1955) 
collected sweat under carefully controlled conditions and found that the ratio of 
Na* to K* ranged from 0.8 to 2.4 (mean 1.5) in 74 normal children; the ratio was 
high in their 2 patients with adrenal insufficiency as well as in one with pancreatic 
fibrosis. 

6. Composition of saliva 

FRAWLEY and THorN (1951) studied the composition of saliva produced by 
chewing on paraffin. In patients with adrenal insufficiency the concentration of 
Na* averaged 60 meq/l and of K* 15 meq/l, compared to 22 meq/l of Na* 
and 20 meq/l of K* found in healthy individuals. The overlap was so large that 
they proposed the use of the ratio of Na* to K*. This ratio for normal persons was 
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0.33 to 2.1 (mean 1.3) and in 4 untreated patients with Addison’s disease 2.2 to 8.1 
(mean 5.0). It is noteworthy that when Na” intake was restricted, salivary Na‘ 
tended to fall as plasma Na’ fell. 


Suannon and Prigmore (1958) reported that the normal value for salivary Cl is 23 
+ 4 meq/l for men and 24 -++ 4 for women when no stimulus is used; in both sexes stimulation 
of flow by chewing on rubber bands yields a higher Cl_ concentration. A. G. Wurrs et al. (1955) 
found the Na* to average 26.4 meq/l, Cl 29.0 and K* 19.7 in 73 normal people. 


II. Carbohydrate metabolism 
1. Response to fasting 


Fasting for a 24-hour period is probably the least dangerous procedure for 
evaluating carbohydrate metabolism; in normal individuals the blood sugar is 
well-maintained and may be somewhat higher toward the end of the 24-hour 
period than it was at the beginning of the fast (Crate et al. 1958). In patients with 
adrenal insufficiency the blood sugar falls during this period, and may become low 
enough to produce symptoms of hypoglycemia or convulsions. It is wise to withhold 
food, but not water, following an evening meal so that, should hypoglycemia ensue, 
it would be during the daytime hours when it is easiest to keep a patient under 
close observation (THORN 1951, THoRN et al. 1951, N. Tauzor et al. 1952). 


2. Glucose tolerance tests 


Glucose tolerance tests are a source of danger to the patient with adrenal insuffi- 
ciency, since the most characteristic abnormality is the development of hypo- 
glycemia 4 or 5 hours after the ingestion of glucose, 1.75 mg/kg (THORN et al. 
1940b), whereas in the normal individual the blood sugar will have returned to 
approximately the fasting level by the 3rd hour. The intravenous glucose tolerance 
test has the additional hazard of a febrile reaction, which probably represents water 
intoxication (THORN 1951). 


3. Insulin tolerance tests 


The intravenous insulin tolerance test, while far from innocuous, is especially 
useful since its short duration allows the patient to be under constant observation. 
In the normal individual, mild symptoms of hypoglycemia may develop in 20 to 
30 minutes, but the blood sugar will be normal 60—90 minutes after insulin ad- 
ministration. However, no more than 0.03 to 0.05 U of insulin per kg should be 
given when adrenal insufficiency is suspected, even though PERLMUTTER and Mur- 
son (1951) found that 2 of their patients could tolerate the full dose of 0.1 U per 
kg. Should symptoms of hypoglycemia develop during the 90 minute test it can 
sometimes be treated most safely by the administration of epinephrine. If intra- 
venous administration of glucose is needed, a later episode of hypoglycemia 
can be averted by giving adrenal extract or cortisone at the same time. Jt is 
sometimes extremely difficult to restore a patient in whom hypoglycemic shock has 
occurred. 

F. EnceEn and Scott (1950) proposed an insulin-glucose tolerance test, which 
has the advantage of providing glucose (0.8 mg/kg by mouth) 30 minutes after the 
intravenous administration of 0.1 U of insulin/kg. In normal individuals, the blood 
sugar rises above the fasting concentration by 30—60 minutes after the ingestion 
of glucose while in none of those with adrenal insufficiency does it return to the 
fasting concentration by 60 minutes, although hypoglycemia does not occur 
(THORN et al. 1940b, Frasur et al. 1941b, Taorn 1951, N. Taupor et al. 1952). 
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In patients with hypopituitarism, the fall in blood sugar in response to insulin is 
more rapid than in normal individuals or in patients with Addison’s disease, and 
they demonstrate the same failure of response to hypoglycemia as do patients with 
adrenal insufficiency (FRASER et al. 1941b) 


Ill. Steroid exeretion 
1. 17-Ketosteroids 


Excretion of 17-ketosteroids is almost always low in patients with adrenal 
insufficiency, although occasionally it may be normal (H. Mason 1955). The 
excretion of these substances is also decreased in gout (WoLFsoN et al. 1949), 
hypothyroidism (G. WiLtiAMs et al. 1957), malnutrition, chronic illness, etc., so 
that this determination is useful especially in eliminating the possibility of Addi- 
son’s disease if normal values are found (FRASER et al. 1941b, N. TatBor and 
BuTLer 1942, McCutuacs et al. 1948, Ampmrs et al. 1953, Hupson et al. 1953). 
The values obtained for an individual may have to be compared to those for his 
own population group, determined in the same laboratory. Among West Africans 
the range was 4—14 mg per 24 hours (mean 8) compared to 10—20 (mean 16) for 
Europeans living in the same environment (BaRNicot and Wo.LFrson 1952, 
Barnicor and LAapELL 1954). Indians excreted 7—18 mg of 17-ketosteroids daily 
(mean 11) while Europeans living in the same area excreted 12—31 (mean 21) 
(H. FrrepMANN 1954). 


Since there is substantial diurnal variation in the excretion of 17-ketosteroids, 
the use of only overnight collections of urine can give unduly low values for the 
24-hour excretion (Pincus 1943). 


Pre-adolescent children excrete such small amounts of 17-ketosteroids that 
this measurement is not useful when one is seeking evidence of underactivity of 
the adrenal cortex (KENIGSBERG et al. 1949, N. Tatsor et al. 1952, Witkrns 1957). 


2. 17-Hydroxycorticosteroids 


Except for the neonatal period, excretion of 17-hydroxycorticosteroids is 
related more to body size than to age (Kina and Mason 1950, N. Tazor et al. 
1951, N. Taupor et al. 1952), and is a more direct index of adrenal function than is 
the rate of excretion of 17-ketosteroids (BirK# et al. 1958). Corticosteroid excretion 
is distinctly lower during the first 10 days of age (VENNING et al. 1949, Marson 
and Lon@wEti 1949, Reap et al. 1950). Diurnal variation in the excretion of 
corticosteroids precludes use of less than a 24-hour urine collection as the basis 
for calculating the daily output (Micron et al. 1956). 

The excretion of corticosteroids is reduced in patients with either primary or 
secondary adrenal insufficiency (N. TaLBor et al. 1945, Hearn et al. 1946, N. 
TaLBorT et al. 1947, VENNING and BRowNE 1947, DaucHapay et al. 1948, ForsHAM 
et al. 1948, Forsus et al. 1950, Toorn 1951, N. Tavpor et al. 1952, Larpuaw et al. 
1955b, WiiKins 1957). However, there is some overlap in the values obtained for 
normal and abnormal individuals (H. Mason 1955), and the resting rate of excretion 
may be within the normal range in patients who actually do have adrenal insuffi- 
ciency (Apu Haypar et al. 1958). Copz and Brack (1959) proposed that the 
excretion of 17-ketogenic steroids may be very useful in detecting adrenal hypo- 
function. The actual values found depend on which of several methods is used 
for the determination. 
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3. Aldosterone 


LuetscHer and AxELRAD (1954) found no sodium-retaining corticoid (al- 
dosterone) in the urine of 3 patients with adrenal insufficiency. Patients who have 
been adrenalectomized excrete no aldosterone (DuDLEY et al. 1957, LIEBERMAN 
and LuptscHEr 1960); the amount excreted by individuals with hypopituitarism 
is somewhat reduced from normal and increases only moderately when Na” intake 
is restricted (MULLER et al. 1958, LizpeRMAN and LuETscHER 1960). The values 
for normal individuals are 0.8 to 23.5 wg per 24 hours (NEHER and WETTSTEIN 
1956, Ayres et al. 1957, LizpeRMAN and LUETSCHER 1960). 

Determination of the aldosterone content of urine is still difficult, so that this 
measurement is not yet practical as a routine procedure although potentially of 
great value. 


IV. Plasma steroids 


In the absence of stress, the concentration of 17-hydroxycorticosteroids in 
plasma is probably the most direct index of resting adrenal function and is quite 
constant throughout life, except for the very low concentration characteristic of 
the neonatal period (KLEIN et al. 1954). The findings for healthy individuals, in 
g/100 ml of plasma, are given as 4 to 10 (NELSON et al. 1951, NELSON and Samu- 
ELS 1952), 6 to.20 (StLBER and PortmR 1954), and 4 to 32 (WALLACE et al. 1955). 
The range of variation found by others is somewhat larger, 0 to 28, so that 
finding a low value in the fasting state is not in itself adequate to establish the 
diagnosis of adrenal insufficiency (ELy et al. 1953, LanmMan 1953, PERKOFF et al. 
1954, BERGSTRAND and GEMZELL 1955, SttBER and Buscu 1956). Sweat (1955) 
and Erx-Nxs et al. (1955) described plasma concentrations well within the normal 
range in some patients with adrenal insufficiency (see p. 138). 

Since plasma concentrations of corticosteroids are highest in the early morning 
hours (Micron et al. 1956, Reppy et al. 1956), it is evident that blood samples 
should be obtained in the morning, in order that meaningful interpretation of the 
findings can be made. 


V. Response to epinephrine 


The epinephrine test at one time was thought to measure the release of ACTH, 
which in turn stimulated the output of adrenal steroids, leading to a decrease in 
total eosinophil count (RECANT et al. 1948, 1950, N. Taupor et al. 1952). This test 
can no longer be considered reliable, for Brst et al. (1952) found that many normal 
persons did not respond in this fashion to epinephrine and that a marked eosinophil 
decline was induced in 5 adrenalectomized patients who were receiving cortisone 
therapy. 


VI. Response to ACTH 


The response to administration of ACTH is helpful in establishing a definitive 
diagnosis of Addison’s disease, distinguishing it from adrenal insufficiency second- 
ary to decreased pituitary activity. The tests applied, discussed in increasing order 
of specificity are changes in (1) circulating eosinophils, (2) urinary excretion of 
uric acid, (3) urinary excretion of steroids and (4) plasma corticosteroid levels. 


1. Circulating eosinophils 


The percentage decrease in total eosinophil count was one of the early criteria 
used in evaluating the response to ACTH. Forsuam et al. (1948) and THorRN et al. 
(1948) proposed that a decrease of more than 50% 4 hours following intramuscular 
administration of ACT'H be considered a normal response. A decrease of 90 % was 
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observed 12 hours after the initiation of an 8-hour infusion containing 20 mg 
(approximately 20 U) of ACTH (Renoxp et al. 1951). Intravenous administration 
of ACTH on 2 successive days provoked an 80—100 % decrease in eosinophils in 
normal individuals, but no significant fall in patients with adrenal insufficiency 
(LAIDLAW et al. 1955b). 

There are several precautions to be observed in performing eosinophil counts 
(RanDotpH 1949, Brsr et al. 1952, Bonner 1952). The most important criticism 
of the test is the observation that a decline in eosinophil count may occur in 
individuals who do have adrenal insufficiency (THorN et al. 1951, Bust et al. 
1953, K. West 1953). Briss et al. (1954) found that the eosinophil count might 
decrease even when there was no rise in plasma corticosteroids. Dz Mowpray and 
BrsHopP (1953) reported one patient in whom a 75 % fall in circulating eosinophils 
was observed 4 hours after 25 mg of ACTH were given intramuscularly; at autopsy 
14 days later no histological evidence of adrenal tissue could be found. 

Errors in the other direction may also occur, with no decrease in eosinophils in 
persons with normal adrenal function (Bust et al. 1953); most of these misleading 
responses apparently can be attributed to local inactivation of the intramuscularly- 
administered ACTH (RENoLD et al. 1951, D. Jenxrns et al. 1955). 

The eosinophil count is an unreliable index of adrenocortical function. 


2. Exeretion of urie acid 


A 50%, increase in the ratio of urinary uric acid to creatinine has also been found 
to be an unreliable index of adrenal reaction to ACTH. Early work with this pro- 
cedure was promising (ForsHam et al. 1948, THorN et al. 1948). However, normal 
responses have been elicited in patients with Addison’s disease, and failure of 
increase of uric acid excretion has been found in normal persons (DE MowBRAY 
and BrsHor 1953). Taussxy et al. (1951) pointed out that the response depends in 
part on the rate of uric acid excretion before ACTH is given; if this is high, little 
increase is found. D. GorDon et al. (1954) found that the ratio of uric acid to 
creatinine in the urine correlated poorly with other indices of adrenal function. 


3. Exeretion of steroids 


An increase in the urinary excretion of 17-ketosteroids and of corticosteroids in 
response to ACTH is a useful indication of integrity of the adrenal cortex (BROWNE 
1943, H. Mason et al. 1947, SANDBERG et al. 1953, D. GorDOoN et al. 1954, Las- 
HART 1957, HaARTENBACH 1958). This procedure originally involved giving ACTH 
intramuscularly at 6-hour intervals for 2 days (ForsHAM et al. 1948, THoRN 1951). 

It is now more usual to administer the ACTH by infusion during a 4- to 8-hour 
period (LarpLaw et al. 1955b, D. JENKINs et al. 1955) or to take advantage of the 
prolonged action of ACTH gel or zinc-ACTH given intramuscularly (LarDLaw et 
al. 1955b, JEANNERET et al. 1954, pp Friuipis and Youne 1957, Gotp and STARR 
1959). Infants increase their corticosteroid excretion (READ et al. 1950) when 
given ACTH, even though their resting levels are very low. In older children the 
relative increase in 17-ketosteroid excretion is less than that found in adults 
(GOTTFRIED et al. 1957). 

Apu Haypar et al. (1958) reported that 7 patients with Addison’s disease 
showed no response to ACTH, although their unstimulated excretion of 17- 
hydroxycorticosteroids was normal. In patients with hypopituitarism, several days 
of ACTH treatment may be required before a response occurs (D. GoRDON et al. 1954, 
LaIpLaw et al. 1955b). 
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4. Plasma corticosteroids 


The change in concentration of corticosteroids in plasma 4 hours after the initiation 
of an infusion of ACTH is a definite measure of adrenal function. [Erx-NEs et al. 
(1958) have compared the responses to different routes of administration and 
different preparations of ACTH.] In patients with adrenal insufficiency no rise at 
all may be found, or the increase may be substantially less than the 40 ug expected 
for normal individuals (Curisty et al. 1955, Erk-Nus et al. 1955, 1958, Sweat 
1955, PETERSON 1957, SANDBERG et al. 1957). 

The usefulness of this test can be judged by the fact that in patients with 
adrenal insufficiency who have normal resting plasma concentrations of cor- 
ticosteroids, no increase is found when ACTH is given intravenously (E1K-Nzs et 
al. 1955). The test is also valuable for evaluating patients who are receiving 
corticosteroid therapy. If pituitary function is suppressed but the adrenal gland 
itself is potentially responsive, administration of ACTH for several days will 
promote an increase in plasma corticosteroid concentration (LAIDLAW et al. 1955b, 
SANDBERG et al. 1957). 


C. Evaluation of ACTH production 
I. Indirect 


Among the compounds that inhibit adrenocortical enzyme systems, CHART et 
al. (1958) described 1,2-bis(3-pyridyl)-2-methyl-l-propanone (Su 4885; Meto- 
pirone, Ciba), which leads to a decrease in the production of neutral reducing 
steroids and an increase in the adrenal weight of dogs. J. JENKINS et al. (1958), 
extending these observations to man, found a decrease in the excretion of uro- 
cortisone and urocortisol and an increase in the excretion of tetrahydro-11-deoxy- 
cortisol when Su 4885 was given to a patient with Cushing’s syndrome. 


LIDDLE et al. (1958) suggested that Su 4885 might act by inhibition of 11/- 
hydroxylation. They confirmed this hypothesis by analysis of the steroids produced 
by bovine adrenal glands when the compound was added to an in vitro system, 
and proposed its potential usefulness as a test for ACTH reserve. They found no 
increase in steroid excretion in patients with known pituitary hypofunction. 
LIpDLE et al. (1959) extended their observations and confirmed that either oral or 
intravenous administration of Su 4885 could be used to evaluate the ability of the 
pituitary gland to release ACTH in response to a decreased adrenal output of 
cortisol as a consequence of the inhibition of 11$-hydroxylation. They used an 
increase in the excretion of Porter-Silber chromogens (17-hydroxysteroids) as an 
indication of ACTH release; subsequent response to exogenous ACTH was used to 
distinguish pituitary from adrenal insufficiency in those patients in whom no 
change in corticosteroid excretion had occurred. Houvs et al. (1959) have applied 
this test to patients in whom long-term steroid therapy might have suppressed 
pituitary function; in 3 of 4 patients the response was normal. Goxp et al. (1960a) 
found that the excretion of 17-ketogenic steroids increases about twice as much as 
the Porter-Silber chromogens, and therefore suggested that 17-ketogenic steroids 
be measured in the performance of this test. An increase in the plasma concentra- 
tion of non-conjugated 17-hydroxycorticosteroids was found by Gop et al. 
(1960b) when they used a method modified so as to improve the estimation of 
11-deoxycortisol, which is the major compound secreted after giving this inhibitor. 


From the work of the investigators cited above, it appears that Su 4885 is a 
useful substance for evaluation of pituitary function. Some unpleasant reactions to 
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the compound have been noted, especially dizziness, nausea and epigastric 
discomfort, when large amounts were given either intravenously or by mouth 
(GOLD et al. 1960a). 


II. Direct measurement of ACTH in blood 


In patients with primary adrenal insufficiency who are not being treated, the 
presence of ACTH can be demonstrated by suitable bioassay of blood (A. TayLor 
et al. 1949, SypNnor et al. 1953, Parts et al. 1954). This procedure is not of practical 
diagnostic value, since the amount of blood required is large and the technique of 
bioassay is complicated. 


D. Therapeutic trial 


A trial of therapy for adrenal insufficiency may be of assistance in those 
patients in whom the diagnosis cannot be established clearly. For this purpose the 
careful use of deoxycorticosterone, given intramuscularly, is probably the most satisfac- 
tory and specific. Cortisone and its analogues may induce subjective improvement 
in patients with a wide variety of disorders, and additional Na* intake will benefit 
individuals who are losing Na‘ for reasons other than adrenal insufficiency (THORN 
1951). 


E. Conelusion 


The diagnosis of adrenal insufficiency can be established most clearly if there 
is no increase in concentration of plasma corticosteroids in response to ACTH 
administration. The next most useful procedure is the measurement of urinary 
corticosteroids after ACTH is given. If facilities for these studies are not available, 
reliance must be placed on the other tests described, which evaluate normality of 
carbohydrate metabolism and the distribution of water and electrolytes. Drop in 
blood eosinophil count and increase of relative concentration of urinary uric acid 
in response to ACTH have not proved to be reliable tests. 


Treatment of adrenocortical insufficiency in man 


A. Treatment of chronic Addison’s disease 


Treatment of chronic Addison’s disease involves two major aspects: replacement 
of deficiencies of both aldosterone and cortisol. The requirements of individual 
patients are related to the degree of adrenal insufficiency present. The function of 
residual adrenal tissue is depressed by therapy with corticoids. 


I. Hormonal treatment 
1. Replacement of aldosterone deficiency 
a) Deoxycorticosterone 


Deoxycorticosterone is available in a variety of forms. It may be administered 
intramuscularly in oil, the usual requirement being | to 5 mg daily (THoRN 1951). 
[In adrenalectomized dogs receiving a moderate supplement of sodium, 0.03 to 
0.17 mg/kg is effective (CLEGHORN et al. 1939).] Since the extent of adrenal 
insufficiency is variable in human beings, the dose needed must be arrived at 
individually for each patient, and cannot be related directly to body weight. When 
DOC is administered by the sublingual route (E. ANDERSON et al. 1940b), the 
daily requirement is 3 to 4 times larger than it is by intramuscular administration 
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(THORN et al. 1941). Buccal tablets are somewhat more convenient than solutions 
and may prove adequate for patients whose requirements for deoxycorticosterone 
are not great (EK. ANDERSON et al. 1949). 

Pellets of crystalline deoxycorticosterone acetate may be implanted sub- 
cutaneously after the patient’s requirements have been established by daily 
injections for a period of approximately 2 months (DEANESLY and ParKEs 1938, 
Levy Smuvpson 1939, THorN et al. 1939a, b, Hent 1941, McCuiacs et al. 1943, 
Surptey 1944, THorn 1951). More recently it has become possible to achieve 
similar results with deoxycorticosterone trimethylacetate; a single intramuscular 
injection provides hormone for about 4 weeks (THORN et al. 1953b, LABHART 1957). 
The patient’s needs must first be established with daily injections of deoxycortico- 
sterone acetate in oil, just as before implantation of pellets. One 125 mg pellet of 
deoxycorticosterone acetate or 15 mg of deoxycorticosterone trimethylacetate is 
approximately equivalent to 0.5 mg deoxycorticosterone acetate in oil given daily 
(MoMinian et al. 1955). When treatment with one of these long-acting preparations 
is planned, it is wise to establish the dose while the patient is taking about 3 gm 
of NaCl daily so that signs and symptoms of overdosage of the hormone can be 
counteracted by reducing the salt intake. With proper calculation of the dose, it 
is rarely necessary to remove any of the pellets. The dose must be re-established 
every 10 to 12 months before fresh pellets are implanted. 

Deoxycorticosterone alone does not provide complete substitution therapy. 


b) Ia-Fluorocortisol 


9«-Fluorocortisol is effective when given by mouth (LIDDLE et al. 1954, Frrep 
1955). Since fluoride substitution on the cortisol molecule enhances its electrolyte 
activity more than its carbohydrate effect, this compound also cannot be used 
alone as replacement therapy in patients with total adrenal insufficiency (HENT 
and Masr 1957). The compound has about 5 times the effect of cortisone in 
glycogen deposition and 10 times the activity of deoxycorticosterone in Na* 
retention (FRIED 1955, ScHarEeR 1957, Gross and LicHTLEN 1958). 

The daily dose of 9«-fluorocortisol is given as 0.10 to 0.5 mg (RENOLD et al. 
1955, EMERSON 1956, ScHAFER 1957, LaBHart 1957, LerrH and Buck 1957). Even 
when the dose seems appropriate for the individual, as judged by stability of 
weight, plasma electrolyte concentrations and blood pressure, hypertension may 
develop after some months of treatment (OWEN et al. 1957). 


c) Aldosterone 


Aldosterone, which is not available commercially, has approximately the same 
potency in Na" retention as 9«-fluorocortisol, and 250 ug of aldosterone given 
intramuscularly every 6 hours was about equivalent to a single oral dose of 1 mg 
of 9«-fluorocortisol. Thus, Macw et al. (1954) found 150 to 200 wg of aldosterone 
in oil, injected daily, was adequate for maintenance of electrolyte balance in short- 
term treatment. REICHSTEIN (1954) found the required dose to be about 4% that 
of deoxycorticosterone and suggested that excess water retention or hypertension 
need not be anticipated. KeKwick and Pawan (1954) were able to restore Na* 
balance in one patient with a daily oral dose of 100 wg, whereas 40 ug had been 
inadequate; this patient required 3 mg deoxycorticosterone acetate in oil daily. 
Prounty et al. (1954) noted an effect 2 hours following the intramuscular administra- 
tion of 100 wg in oil; the effect began to dissipate 8 hours after the injection. 
SALASSA et al. (1957) reported the development of moderate edema in a patient 
given 800 jg of aldosterone intramuscularly ; 400 ug proved excessive in two other 
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patients with adrenal insufficiency. Prunty et al. (1955) found 200 ug per day to 
be the effective replacement dose, given by the parenteral route. Macu et al. (1954) 
and KeKwicK and Pawan (1954) found that aldosterone restored glucose tolerance 
tests towards normal; there was no effect on response to a water load, nor other 
indications of a substantial influence on carbohydrate metabolism. The preparation 
is active when given intravenously (THoRN et al. 1955), as well as intramuscularly 
or by the oral route. It is interesting that aldosterone did not induce hypertension 
in adrenalectomized rats, although a comparable dose of deoxycorticosterone did 
(Gross et al. 1955). 


2. Replacement of cortisol deficiency 


Since none of the preparations most active in influencing electrolyte distribution 
is able to avert hypoglycemic reactions in doses that do not lead to excess Na* 
retention (LOEB et al. 1937, LukENns 1942, THorwn 1951, Smarr 1953, THORN et al. 
1958), administration of a carbohydrate-active steroid is necessary in the treat- 
ment of adrenal insufficiency. 


a) Cortisone acetate 


Cortisone acetate was the first of the adrenal steroids available in quantities 
large enough to permit its use in the treatment of chronic adrenal insufficiency 
(PERERA et al. 1949). Prior to this time, aqueous adrenal extract or lipo-adrenal 
extract were used for those patients who could not be maintained in reasonably 
satisfactory condition on deoxycorticosterone and salt alone. 

A basis for the calculation of average daily requirement is available from 
investigation of the rate of production of corticosteroids by the adrenal glands. 
Bonpy and Aurrock (1953), by analysis of blood collected from the renal vein, 
estimated the rate of secretion of 17-hydroxycorticosteroids to be 17.4 to 28.5 mg 
per 24 hours. By the use of C-labeled cortisol, PerERSON and WYNGAARDEN (1956) 
found the turnover rate to be 17 —29 mg daily. Corr and Buack (1958a, b), using 
a similar approach, calculated the production rate of cortisol in healthy subjects 
at rest; the range was 4.2 to 27.9 mg per 24 hours. These figures correlate well with 
the effective replacement doses for patients with adrenal insufficiency, discussed 
below. 

When given intramuscularly as a microcrystalline suspension, cortisone acetate 
is effective for 24 hours or more, although it does not reach therapeutic concentra- 
tions in the blood until 8 to 12 hours after a single injection (THorN et al. 1953a). 
Given by this route, 10 to 25mg daily is adequate in Addison’s disease (‘THORN et al. 
1949, THORN 1951).The oral requirement is 12.5 to 25 mg a day (THORN 1951, THORN 
et al. 1958), although some patients are given as much as 50 mg daily (NABARRO and 
WALKER 1957, THORN et al. 1958). Beck and MontacomeErRy (1956) found that a 
patient who had seemed well when receiving only cortisone therapy had difficulty 
in hot weather, when Na* loss was increased. Since patients with Addison’s 
disease are quite sensitive to overstimulation of the central nervous system by 
cortisone (PERERA et al. 1949, THorN 1951, THorN et al. 1951, Emerson 1956), 
it is probably wise to use the smallest amount possible. Lrpsert and PEARSON 
(1956) advocated replacement therapy with cortisone alone, but their own data 
demonstrate negative Na* balance in patients so treated, and the experience of 
others with similar patients indicates that the addition of deoxycorticosterone or 
9«-fluorocortisol is useful in their management (Hits et al. 1956, NaBarro and 
WaLkKER 1957, Harr 1957). 

The cortisone needs of totally adrenalectomized patients seem to be somewhat 
greater than the needs of those with spontaneous Addison’s disease. The oral doses 
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used range from 37.5 to 50 mg daily (Hits et al. 1956, NaBarro and WALKER 
1957, Harr 1957). 

Subcutaneous implants of cortisone pellets are usually not used, since they 
require renewal at approximately 3-month intervals (THorN et al. 1949, 1953a) 
and do not simplify the therapeutic program. 


b) Cortisol 

The free alcohol, cortisol, differs from cortisone acetate chiefly in that it has 
about 20° more activity, so that the doses given should be correspondingly 
smaller (EMERSON 1956). Since crystalline cortisol is absorbed more slowly from 
intramuscular sites than is cortisone acetate, somewhat larger doses are needed in 
initiating therapy by this route (LAIDLAW et al. 1955a). Peak concentrations of 
cortisol in the blood are reached one hour after ingestion (THORN et al. 1953a), 
which is earlier than the time of peak concentration of cortisone. 


c) Unsaturated analogues 
Unsaturated analogues of cortisone and cortisol (4!-cortisone and A}-cortisol, 
or prednisone and prednisolone) are about 4 times more active than the parent 
compounds (BuNnim et al. 1955, ToLtKsporF et al. 1956, THORN et al. 1958). 
They differ from cortisone and cortisol in that they apparently induce relatively 
less Na+ retention and K* excretion. In patients whose requirements are small, it 
might be difficult to avoid overdosage when using one of these potent compounds. 


d) Corticosterone and 11-dehydrocorticosterone 
Corticosterone and 11-dehydrocorticosterone, while theoretically useful for 
replacement therapy in adrenal insufficiency, offer no major advantages and have 
not come into common usage (ForsHAM et al. 1946, PERERA et al. 1946, SPRAGUE 
et al. 1948, Conn et al. 1951, THorn 1951, THoRN et al. 1953a). 


3. Testosterone 

Testosterone was at one time given to Addisonian patients for its effect on 
muscle function. However, corticosteroids serve this purpose better (R. WILLIAMS 
et al. 1945). Since there is no evidence that androgens of the adrenal cortex are 
important to health (see Chapter 5, Part 1), this form of therapy is probably 
neither wise nor necessary. 

4. Adrenal transplants 

Adrenal transplants have generally proved unsuccessful in man (BEER and 
OPPENHEIMER 1934). However, it is possible that with the use of human fetal 
adrenals this procedure may prove rewarding (BatLEy and KEELE 1939). 

Improvement in the incidence of successful transplants of human tissues was 
demonstrated by GaILuaRD (1954) who cultivated fetal parathyroid glands in 
vitro before placing them in the perivascular tissues of hypoparathyroid patients. 
Marrinovircu (1955) found that in vitro cultivation of rat adrenals facilitated 
successful transplantation to hosts. Poor (1958) succeeded in transplanting fetal 
adrenals in golden hamsters; the transplants maintained life when the hosts were 
subsequently adrenalectomized. 


II. Non-hormonal therapy 


1. Licorice root and glyeyrrhizie acid 


Licorice root and glycyrrhizic acid have a deoxycorticosterone-like action on 
electrolyte distribution and may serve as partial replacement therapy in Addison’s 
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disease. GROEN et al. (1951, 1952) gave an oral dose of 15 g a day. MOLHUYSEN et 
al. (1950) found an effect on electrolytes only in individuals with normal adrenals. 
Borst et al. (1953) proposed that they might act by slowing the rate of breakdown 
of adrenal steroids, since glycyrrhizic acid was effective in Addison’s disease when 
cortisone was given as well. Hupson et al. (1954) suggested combining 5 mg of 
cortisone with 4 to 6 g of glycyrrhizin. ELmapstan et al. (1956) reported the use 
of 10 mg of cortisol with 4 g of mono-ammonium glycerrhizinate ; further reduction 
of the dose of cortisol led to edema and symptoms of adrenal insufficiency. Hart 
(1957) also found that patients so treated might develop edema while the Na* 
concentration in the plasma remained reduced. These results seem difficult to 
understand. 


2. Sodium chloride 


Sodium chloride supplements probably should be provided for all patients having 
adrenal insufficiency, although not as the only maneuver for maintaining elec- 
trolyte equilibrium. By this means, a margin of safety is provided for indi- 
viduals treated with long-acting deoxycorticosterone preparations, since Na* 
intake can be reduced readily should evidence of over-dosage develop (THORN 1951, 
Watsu 1952); variations in Na* need, depending on environmental temperature, 
minor gastrointestinal upsets, or other stresses, can be met. However, when 9«- 
fluorocortisol is used, salt supplements should not be added to the diet (THORN et 
al. 1958). 

3. Potassium 


Potassium supplements may be necessary for some patients treated with 
deoxycorticosterone or 9«-fluorocortisol, should muscle weakness or other signs 
of K* depletion develop (McGavack 1941, Lukens 1942, THoRN 1951). Potassium 
deficiency may be a factor in sudden death of patients with apparently well- 
regulated Addison’s disease (HAmpron and KeEpLer 1941). The painful tendon 
contractures that sometimes occur following prolonged treatment are possibly 
due to Na* retention or K* loss and can be handled by providing extra K* (THORN 
1951, WarmMING-LARSEN and SPRECHLER 1953). 


4. General measures 


General measures, such as avoidance of excess fatigue, scrupulous avoidance of 
cathartics or morphine, provision of a high carbohydrate diet with high levels of 
ascorbic acid and B vitamins, facilitate the rehabilitation of patients with adrenal 
insufficiency. 

If. Treatment of complications 


1. Tuberculosis or other infections 


Tuberculosis, naturally, requires attention; with the availability of specific 
anti-tubercular therapy, cortisone need not be regarded as having a deleterious 
effect on the infection (BROWNE et al. 1954). FRENKEL (1960b) has made some 
suggestions about controlling infections of the adrenal cortex proper (see footnote, 
p. 53). 

2. Associated endocrine disorders 

The management of diabetes mellitus or thyrotoxicosis complicating Addison's 
disease has been outlined by KNowLTon and Krirzier (1949), THorN (1951) and 
SranTon et al. (1954). THorN and CrrnTon (1943) pointed out that long-acting 
insulin preparations should not be used for treating diabetes in patients with 
adrenal insufficiency. 


144. Treatment of adrenocortical crisis 


3. Pregnancy 


With the availability of effective replacement therapy it has become evident 
that women with adrenal insufficiency can safely have children. The increased 
rates of excretion of 17-ketosteroids and corticosteroids during pregnancy have 
been attributed chiefly to the placenta! (SamurLs et al. 1943, Hits et al. 
1954). Hormone requirements are not reduced (Hits et al. 1954) and pregnancy 
must be regarded as a time of increased hazard to the patient. The nausea of early 
pregnancy may be misinterpreted as a sign of impending crisis (GURLING and 
RacKkow 1954); or crisis may actually occur, particularly if an infectiondevelops 
or an attempt is made to reduce the amount of substitution therapy (Hits et al. 
1954). Additional cortisone should be provided during labor and in the immediate 
postpartum period (KNowLTon et al. 1949, Scuwarrz et al. 1952, Hunt and 
McConaney 1953, Katser 1956). 


4. Surgery 


Special consideration must be given to the use of drugs and anesthetic agents in 
Addisonian patients who require surgical procedures. Essentially, the use of 
reduced amounts of barbiturates, atropine, or other drugs used before anesthesia 
is induced, and an increase in replacement therapy suffice for the successful 
management of surgical problems. It is important to adjust the amount of hormone 
given and the salt in intravenous infusions, since either hypotension or pulmonary 
edema may develop (PaPrErR and CaHILy 1952, ScuwarrTz et al. 1952, L. KYLE et 
al. 1953). 


5. Other stresses 


The occurrence of any stress, as from infection or injury, is an indication to 
increase temporarily the hormonal therapy, without waiting for signs of inadequate 
treatment to develop. 


B. Treatment of adrenocortical crisis 


Adrenal crisis requires heroic therapy, with the intravenous administration of 
fluids and steroids. Since cortisol has become available for i. v. use, 200 to 300 mg 
of this compound are administered by infusion in the first 24 hours of crisis in 
adults; doses for children are proportionately smaller. Estimations of adrenal 
secretion of corticosteroids under stress are 100 to 260 mg daily (Bonpy and 
ALTROCK 1953, PETERSON and WyNGAARDEN 1956, CopE and Buack 1958b). 
DrRatmonno and Forssam (1958) calculated that in human beings under stress 
the adrenals produce about 10 mg of cortisol per hour, and recommended the 
use of 250 mg/24 hours. EMERson (1956) proposed that most patients be given 
200 mg of cortisol i. v. in the first 24 hours of acute adrenal insufficiency, plus 5 mg 
of deoxycorticosterone intramuscularly. [Deoxycorticosterone glucoside is soluble 
enough to be given intravenously, thus obviating the delay of absorption. A dose 
of 15 mg is approximately equivalent to 1 mg of deoxycorticosterone acetate in 
oil (THorN et al. 1953a, LasnHarr 1957); this compound is no longer readily 
available.] Hamwi and GoLpBERG (1955) used 9«-fluorocortisol in 10 to 15 mg 
doses 1. v. for patients undergoing bilateral adrenalectomy; the infusion fluid was 
free of Na”. Hart (1957) suggested that in crisis 9«-fluorocortisol also be given, in 
about one-fifth the dosage of cortisol. There is a substantial danger of producing 

* There is still, in 1964, no unequivocal evidence for placental synthesis of corticosteroids. 


The stimulus to adrenal corticoid production in pregnancy is a response to the high levels of 
circulating estrogens. See discussion, p. 106, Part 1 of this Volume. — Sub-eds. 
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pulmonary edema by such means, and it might be safer under such circumstances 
to rely on compounds with less profound effects on Na* retention, and to provide 
i. v. Na* as needed (THorN et al. 1958). 

Before the discovery of aldosterone, the presence of unknown life-sustaining 
substances in whole adrenocortical extract was indicated by a potency that was 
substantially greater than could be accounted for by the known constituents 
(Kuizenea et al. 1945, Tarr et al. 1952, THorn et al. 1953a). However, it now 
seems (Stmpson and Tarr 1955) that aldosterone is the active principle of the 
amorphous fraction. Lirpsmrr and Prarson (1956) maintain that there is no 
evidence that adrenocortical extract is as effective as cortisol in crisis, or that there 
are important unknown steroids in extracts. Nevertheless evidence of overdosage 
with adrenocortical extract given in crisis has not been reported, whereas one may 
easily get into difficulty when using crystalline compounds, especially deoxy- 
corticosterone. Therefore it is possibly premature to discard whole extract as a 
useful drug. 

Voer (1943 b) demonstrated that the adrenals of a variety of species put out a 
large amount of hormone under stressful circumstances. From her calculations it 
appears that the adrenals of a stressed 10 kg dog may secrete the equivalent of 
230 ml of commercial adrenocortical extract in 24 hours. However, approximately 
200 ml per day, given as a constant infusion, may suffice for an adult human being 
in adrenal crisis; doses based on these calculations have proved very satisfactory in 
children undergoing removal of an adrenal tumor (SoBuEt et al. 1953). The extract 
contains 10 % alcohol, which may cause drowsiness and tachycardia (SOBEL et al. 
1953). 

THorN (1951) and Lapyart (1957) have outlined details for the management 
of adrenal crisis. It is important that all intravenous solutions contain glucose, and 
it seems reasonable that Na* requirements [calculated on the basis of maintenance 
needs and repair of prior losses (N. TaLBot et al. 1952)] be met by giving Na* 
throughout the 24 hour period. Additional therapy depends on the cause of the 
crisis, for example, antibiotics for infection or attention to a surgical problem. 

In view of the scarcity of data on the occurrence of adrenal insufficiency in 
overwhelming infection or in surgical shock (KosTER and Kasman 1942, RuKEs et 
al. 1955) it seems self-evident that appropriate therapy for the primary disturbance 
must not be neglected while instituting replacement therapy for an adrenal 
insufficiency that may or may not occur. Nevertheless, administration of cortisol 
or one of its analogues may be useful as additional therapy. The finding that large 
doses of ACTH can induce “tubular degeneration” of the adrenals in rats (WILBUR 
and Ricu 1953) suggests that ACTH should not be used under such circumstances 
(see Chapter 1, Part 1). 


C. Treatment of secondary adrenal insufficiency 


There is some disagreement about the desirability of providing sodium- 
retaining steroids for patients with hypopituitarism. Beck and MontcoMERY 
(1957) found deoxycorticosterone and salt unnecessary in four women who had 
postpartum pituitary failure; THorN (1951) pointed out that only small doses of 
deoxycorticosterone are tolerated without the development of edema. It is clear, 
however, that some form of therapy for the avoidance of hypoglycemia is impor- 
tant for these patients, and Beck and Monrcomery (1957) found that they could 
withdraw all substitution therapy except cortisone from 3 of their 4 patients. Since 
the institution of thyroid therapy in pituitary myxedema can lead to profound 
hypoglycemia (CasTLEMAN and Hertz 1939; THorN 1944) it is wise to begin with 
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cortisone replacement, adding thyroid hormone only after cortisone therapy is 
well under way. The effect of cortisone in inhibiting growth (BLopexTr et al. 1956, 
Soper 1956) is especially important in the treatment of children with panhypo- 
pituitarism, since very small amounts of cortisone may bring their already slow 
growth to a complete halt. 


Patients with hypopituitarism require additional supportive therapy during 
infection, surgery, etc., as do those with primary adrenal insufficiency. 
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sory adrenocortical tissue 

— —, atrophy 33, 34, 44, 45, 51, 57 

— —~, cholesterol 60, 61 

— —, hyperplasia 54, 57 

— —, hypertrophy 7, 11, 15, 30, 63 

— —, lipides 32, 51, 54 

— —, necrosis 60, 61, 63, 145 

— —, pathology 51—56 

— tumors 57, 145; see also Cushing’s disease, 

Virilizing adrenocortical hyperplasia 
Adrenocorticotrophic hormone, see ACTH 
Age differences in adrenocortical function 

135, 137 
—  — — response to adrenocortical in- 
sufficiency 65, 68, 69, 119, 121 
Aldosterone (11/,21-Dihydroxy-3,20-diketo- 
A*-pregnen-18-al) 2, 45, 58, 82, 136, 139, 
140, 145 
Allergic reactions 8, 16 
Amorphous fraction of adrenocortical extracts 
44, 145 

Amphenone 59 

Amphibians 63; see also Frogs, Toads 

Analogues of adrenocortical hormones 2—4, 

140, 142 
Androgens, administration 68, 142 


—,adrenal 142; see also Pseudoher- 
maphroditism, Virilizing adrenocortical 
hyperplasia 


—, urinary 46; see also Ketosteroids 

Anencephaly 33, 55 

Anesthetics 89, 112, 113; see also Drug 
responses 

Anorexia 3, 4, 35, 40, 69, 113, 131; see also 
Appetite, Gastrointestinal system 

Anterior pituitary hormones 2, 41, 43, 119, 
122; see also ACTH, Gonadotrophins, 
Hypophysectomy, Somatotrophin 

Anti-anabolic effects of glucocorticoids, see 
Glucocorticoids 

Antibody production 16—18 

Antidiuretic hormone (ADH) 20, 74, 78, 91 

Anti-inflammatory effects, see Glucocorti- 
coids 

Anti-stress effects, see Glucocorticoids 

Appetite 4, 35, 68, 113, 131 
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Arthritis, rheumatoid 16, 49 

Artiodactyla, see Goat, Ox, Pig, Sheep 

Ascorbie acid, role in adrenocortical func- 
tion 59—61 

Asthenia, see Muscular weakness 

Atherogenesis 9 

Atherosclerosis 9 

Autonomic nervous system, see Nervous 
system 

Aves, see Birds 


Bacterial toxins, see Infections, Stress 
Basal metabolic rate (BMR) 45 
Beef, see Ox 
Behavior, effects of adrenal insufficiency 
112 
—., effects of glucocorticoids 2, 12, 13, 15, 16 
Beta cells of pancreatic islets; 7; see also 
Diabetes 
Bicarbonate 77, 79, 80; see also Acid-base 
balance 
Biosynthesis of adrenocortical hormones, 
see Adrenocortical steroids 
Birds (Aves) 65; see also Chicken 
Blood cells 11, 19, 94, 95; see also Eosino- 
phils, Erythrocytes, Leukocytes, Lympho- 
cytes 
— chloride, see Chloride 
— clotting 19, 20 
— CO, (carbon dioxide) 37, 50; see also 
Bicarbonate 
— corticosteroids, see Corticosteroid levels 
—., electrical conductivity 35, 37 
— electrolytes, see Electrolytes in blood 
— non-protein nitrogen (NPN) 438, 47, 49, 
80, 131 
— phosphates 35, 37, 77 
— pressure 12, 14, 104, 105; see also Hyper- 
tension, Hypotension 
— stasis 14, 83, 92, 93; see also Circulatory 
collapse 
— sugar l, 3, 5, 7, 9, 12, 35, 42—45, 48; 
see also Glucose 
— sulfates 35, 37, 77 
— urea nitrogen (BUN) 35, 36, 45, 47, 48, 131 
— volume 19, 35, 43—45, 93; see also 
Hemoconcentration, Hemodilution, 
Hypovolemia 
Body growth, see Growth 
— temperature 34, 98, 125 
Bone marrow 126; see also Erythropoiesis, 
Hematopoiesis 
Bony tissue 6, 69; see also Skeletal system 
Bos taurus, see Ox 
Bovine, see Ox 
Bradypus griseus (sloth) see Edentata 
Brain 6, 107, 113; see also Nervous system 
Bufo, see Toads 
BUN, see Blood urea nitrogen 


€,, steroids, see Androgens, Ketosteroids 

C,, steroids, see Adrenocortical steroids, 
Glucocorticoids, Mineralocorticoids, 
Progesterone 

Calcium 69, 101, 111 
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Calf, see Ox 
Canine, Canis, see Dog 
Capillary fragility 3, 17, 19, 20, 35, 93; see 
also Cardiovascular system, Circulation 
Carbohydrate metabolism 3—10, 42, 134, 
135; see also Glucose 
Carbonic anhydrase inhibitor 133 
Cardiac failure 48; see also Circulatory col- 
lapse 
— output 86 
— rate 14 
— size 125 
Cardiovascular system 3, 13, 16, 72, 84—93, 
105, 106, 129, 130; see also Circulatory 
collapse 
Carnivores, see Cat, Dog, Ferret 
Cartilage, see Skeletal system 
Castration 121, 122; see also Reproductive 
systems 
Cat (Felis catus) 3, 29, 31, 33—41, 43, 47, 
66, 68, 77, 87, 88, 91, 92, 104, 114, 116, 
118—120, 123, 125 
Catabolic effects, see Glucocorticoids, anti- 
anabolic effects 
Catecholamines 9; see also Epinephrine, 
Norepinephrine 
Cavia cobaya, see Guinea pig 
Central nervous system, see Nervous system 
— — —, responses to drugs 89 
Cerebral circulation 110 
— sclerosis 52 
Chicken (Gallus domesticus) 119, 128; see 
also Birds 
Chloride 77, 131—134; see also Electrolytes 
Choloepus hoffmanni (sloth), see Edentata 
Chromaffin tissue, see Adrenal medulla 
Circulation, blood 14, 86; see also Cardio- 
vascular system 
Circulatory collapse or failure 10, 12, 14, 34, 
39, 88—93, 104; see also Blood stasis 
Collagen diseases 8, 16 
Compound E, see Cortisone 
— F, see Cortisol 
— S, see 11-Deoxycortisol 
Connective tissues 6, 16—18; see also Col- 
lagen diseases, Skeletal system 
Convulsions 107, 110—112, 134; see also 
Nervous system 
Cortexone, see Deoxycorticosterone 
Corticosteroid levels, blood, 51, 56, 57, 60, 
136—138; see also Adrenocortical 
steroids; Glucocorticoids 
— treatment 57, 144 
Corticosteroids, urinary 46, 60, 135—137, 144 
Corticosterone (116,21-Dihydroxy-A*-preg- 
nene-3,20-dione) 4, 42—44, 48, 53, 107, 
142 
Cortisol (118, 17 «,21-Trihydroxy-A*-preg- 
nene-3,20-dione) 1—4, 9, 12, 16, 43, 50, 
79, 82, 122, 128, 141, 142, 144, 145 
Cortisone (17 «,21-Dihydroxy-A*-pregnene- 
3,11,20-trione) 4, 7, 9, 12, 16, 18, 44, 49, 
60, 62, 79, 86, 98, 120, 128, 136, 138, 141, 
144, 145 
A}-Cortisol, see Prednisolone 
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A'-Cortisone, see Prednisone 

Crisis, see Addisonian crisis, Adrenocortical 
insufficiency, acute 

Cushing’s disease 9, 15—19, 57, 115 

Cutler-Power-Wilder test 133 


DCA, see Deoxycorticosterone 

0,p’ DDD 59 

Deamination 6, 80 

Defense, see Adaptation 

Dehydration 4, 35, 38, 131; see also Hemo- 
concentration 

11-Dehydrocorticosterone (21-Hydroxy-A?- 
preenene-3,11,20-trione) 4, 42, 44, 142 

1-Dehydrocortisol, see Prednisolone 

1-Dehydrocortisone, see Prednisone 

1-Dehydrocorticosteroids 4, 142 

11-Deoxycorticosteroids 45 

11-Deoxycorticosterone (21-Hydroxy-A‘- 
pregnene-3,20-dione; DOC; Cortexone) 
3, 4, 13, 18, 27, 36, 43, 44, 48—50, 53, 
58, 68, 74, 82, 84, 86, 94, 98, 101, 120, 
139—145 

11-Deoxycortisel (17 «, 21-Dihydroxy-A‘- 
pregnene-3,20-dione) 4, 138 

Detoxification theory of adrenal function, 
see Adrenal gland functions 

Diabetes mellitus 4—6, 8, 33, 41, 42, 143; 
see also Pancreatectomy 

Diagnosis of Addison’s disease, see Addison’s 
disease 

Didelphis virginiana, see Opossum 

Dietary effects on adrenocortical insufficiency 
66, 109; see also Glucose administration, 
Sodium chloride administration 

Digestive disturbances, see Gastrointestinal 
disturbances 

Diuresis 12, 38; see also Water 

Diurnal variations 75, 135, 136 

DOC, DOCA, see Deoxycorticosterone 

Dog (Canis familiaris) 3, 4, 9, 15, 29—34, 
36, 37, 39—41, 47, 61, 65, 6769, 71—77, 
80, 82—86, 88—95, 104, 113, 114, 116, 
120, 123, 128, 131, 138, 139, 145 

Drug responses 89, 91, 92, 98, 103, 111—113, 
116, 117, 144; see also Nervous system 


Edema 12, 47, 48, 140, 143, 144 

Edentata (Sloths) 65 

Effective renal plasma flow (ERPF), see 

Renal function 

Elasmobranchs (Sharks) 30 

Electrocardiogram 85, 86 

Electroencephalogram 110 

Electrolyte balance (over-all) 3—5, 7, 12, 
13, 20, 36—39, 42, 43, 45—48, 56, 60, 
69, 72, 73, 74—78, 82—84, 88, 105, 
109, 131—133, 140, 143 

— excretion 2, 12, 20, 35, 44, 72, 73, 132; 
see also Sodium depletion, Potassium 
retention 

— shifts (compartmental) 4, 12, 35, 36, 39, 
42, 48, 85, 86, 100, 102, 103, 109, 111, 
112 
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Electrolytes, see also Sodium, Potassium 
— in blood 4, 37, 39, 45, 49, 74—80, 102; 
see also Blood chloride, Blood phos- 
phates, Blood sulfates 

Electroshock 107, 111 

Enzymes, effects of corticoids 1, 2, 8 

—,— — adrenocortical insufficiency 104, 

115—117 

Eosinophils, blood 11, 19, 61, 95, 131, 136, 
137 

Epinephrine(s) (Adrenaline) 8, 13—16, 19, 
32, 40, 42, 46, 62, 90—93, 100, 103, 105, 
106, 116, 129, 134, 136; see also Norepi- 
nephrine 

ERPEF, see Renal function 

Erythrocytes 19, 94, 95 

Erthropoiesis 20, 96, see also Hematopoiesis 

Estrogens, administration 68, 121—123, 129 

—, urinary 46 

Everse and de Fremery test, see Work tests 

Excitability, see Nervous system 

Extracellular fluid, see Fluid compartments 


Familial Addison’s disease 52 

Fasting, effects of 5, 9, 43, 134, 136 

Fat depots, tissue, see Adipose tissue 

— mobilization 5, 6, 9 

Fatigue 11, 14, 28, 96, 103—106, 131; see 
also Muscular weakness, Work capacity, 
Work tests 

Felis catus, see Cat 

Ferret (Mustela furo) 68 

Fetal cortex, ‘‘Fetal’’ zone 55 

Fever 49 

Fishes, see Elasmobranchs 

Fluid compartments 3, 20, 38, 72, 82, 100; 
see also Water 

9 «-Fluorocortisol 4, 140, 141, 143, 144 

9 «-Fluorocortisone 4 

9 «-Fluoroprednisolone 4 

9 «-Fluoroprednisone 4 

Follicle stimulating hormone (FSH) 119 

Frogs (Rana spp.) 30, 33, 41, 66, 98, 101, 128 


Gallus domesticus, see Chicken 

Gastrointestinal disturbances 34, 45, 113 to 
Vly ISU 

— system 4—6, 113—118 

Glomerular filtration rate (GFR) 20, 36, 44, 

70—73, 78; see also Renal function 

Glucocorticoids 1—20, 82, 98, 100, 122, 
141—146; see also Corticosterone, 
Cortisol, Cortisone, Prednisolone, Pred- 
nisone 

—., anti-anabolic effects 6—8, 17—19 

—., anti-inflammatory effects 3, 4, 10, 16—19 

—., anti-stress effects 3, 4, 10O—12, 144 

—, bioassay 2 

—, biosynthesis 2, 144 

—., blood levels 2, 136, 138; see also Cortico- 
steroid levels 

—, chemical measurement 2 

—, ‘‘maintenance’”’ doses 11, 141 

—, metabolic effects, 3—10, 42, 43, 99, 100, 
108 
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Glucocorticoids, metabolism 2, 11 
—, overdosage 13, 18 
—, pharmacological effects 2, 13—16, 19, 
20, 141 
—, urinary excretion 2, 135, 138; see also 
Corticosteroids, urinary 
—, utilization 12 
—., ‘‘side-reactions”’ 18 
Gluconeogenesis 5—7, 9, 10, 42, 44, 62, 100, 
108, 140 
Glucose absorption 4, 5, 117 
— administration 100, 101, 145 
— blood levels, see Blood sugar 
— excretion 5, 6, 33, 35, 41—43 
— tolerance test 11, 43, 45, 56, 134 
— transport 5, 8 
— utilization 6, 8, 9, 43, 100 
Glucose-6-phosphatase 8 
Glycogen storage 1, 3—5, 7, 8, 35, 40, 42, 
62, 88, 100, 105, 106, 108 
Glycolysis 8 
Glycosuria 5, 6, 33, 35, 41—43 
Glycyrrhizic acid 142 
Goat (Capra hircus) 58 
Gonadotrophins 119; see also Follicle stimu- 
lating hormone, Luteinizing hormone 
Gonads, see Reproductive systems 
Groundhog, see Marmot 
Growth 7, 68, 128—130, 
Skeletal system 
— hormone, see Somatotrophin 
Guinea pig (Cavia cobaya) 29, 30, 32, 58, 60 


146; see also 


Hair, growth and pigmentation 128, 129 

9 «-Halogenated steroids 4 

9 «-Halogenated-1-dehydro steroids 4 

Hamster, golden (Mesocricetus auratus) 67, 
85, 92, 93, 128, 142 

Heart 6, 84—88, 131; see also Cardiovascular 
system, Circulatory collapse 

Hematopoiesis 20, 95, 96 

Hemochromatosis of adrenal 54 

Hemoconcentration 19, 35, 72, 74, 93, 94; 
see also Blood volume 

Hemodilution 78, 79; see also Blood volume 

Hemorrhages, adrenal 45, 49, 50, 55, 61, 63 

Histamine 90, 115, 116, 118 

Hog, see Pig 

Homo sapiens, see Man 

Homeostasis 2, 5, 10, 70 

Hydration 78, 79 

Hydrocortisone, see Cortisol 

16a-Hydroxy derivatives 4 

17-Hydroxycorticosteroids 60, 135, 138, 141; 
see also Corticosteroids, Glucocorticoids 

16 «-Hydroxy, 9 «-fluoroprednisolone 4 

11 f-Hydroxylation 138 

16 «-Hydroxy, 2«-methyl, 9 «-fluorocortisol 4 

Hyperglycemia 5, 8, 12, 41, 42; see also Blood 
sugar 

Hypertension 12, 48, 140; see also Blood 
pressure 

Hypertrophy, adrenal gland 7, 11; see also 
Adrenocortical tissue 
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Hypoglycemia 3—4, 5, 8, 40, 48, 45, 48, 56, 
61, 62, 99, 111, 125, 131, 134, 135; ‘see 
also Blood sugar 

Hyponatremia, see Blood electrolytes 

Hypophysectomy 33, 42, 43, 68, 69; see also 
ACTH, Adrenocortical insufficiency, 
Hypopituitarism 

Hypophysis, see Anterior pituitary, Anti- 
diuretic hormone 

Hypopituitarism 56, 127, 131, 135—138, 145 

Hypotension 11, 14, 34—36, 72, 87—90, 
105, 131, 144; see also Blood pressure 

Hypothyroidism 52, 143 

Hypovolemia 90, 93 

Hypoxia 130 


Inanition, see Fasting, Underfeeding 

Infections 18, 48, 49, 53, 131, 143, 145 

Inflammation 17, 18 

Ingle test, see Work tests 

Insulin, effects 2, 41, 42, 45, 61, 62, 108, 111, 
115, 134, 143 

— production 4, 7—9 

— resistance 8, 9 

— sensitivity 45, 56, 61, 134, 143 

Intermediary metabolism 1—4, 99; see also 
Carbohydrate metabolism 

Intestines, see Gastrointestinal system 

Intracellular fluid, see Fluid compartments 

Ionizing radiation 63 

Islets of Langerhans 7; see also Insulin, 
Pancreas 


‘*Ketone” bodies 5, 37 

Ketosis 5 

17-Ketosteroids, urinary 46, 60, 61, 135, 137, 
144 

Kidney function tests 71—84; see also Renal 
function 

Kidneys 6, 20, 70, 71 


Lagomorpha, see Rabbit 

Leukocytes 95, 131; see also Blood cells, 
Eosinophils, Lymphocytes 

Licorice root 142 

Life-maintenance 43 

Lipemia 9 

Lipogenesis 8, 9 

Lipoid hyperplasia, adrenal 54 

Liver 5, 6, 40, 42, 62, 113, 126, 127; see also 
Glycogen storage 

Lizard 63 

Lower vertebrates, adrencortical tissue 58, 
59; see also Birds, Elasmobranchs, Frogs, 
Lizard, Toads 

Luteinizing hormone (LH) 119 

Lymph nodes 6, 126 

Lymphatic tissues 10, 12, 16—18, 116, 125, 
126; see also Spleen, Thymus 

Lymphocytes 95, see also Blood cells 

Lymphocytosis 45, 52, 62, 95, 126, 131 

Lymphopenia 11, 19, 62 


Macaca mulatta, see Monkey 
Magnesium 86 
14* 
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Mammary glands 120—122; see also Repro- 
ductive system 
Man (Homo sapiens) 2—4, 9, 10, 16, 19, 
28—34, 37, 39—41, 44—58, 60, 61, 66, 
68, 71—73, 75, 77, 78, 81—95, 97, 100, 
110, 112, 114, 116, 118, 125, 129, 131 
to 146; see also Negroes 
Marmot (Marmota monax, Groundhog, Wood- 
chuck) 3, 42, 66 
Marsupials, see Opossum, Wallaby 
Medulla, Medullary tissue, see Adrenal 
Medulla 
Medullectomy, see Adrenal medulla, Epi- 
nephrine, Norepinephrine 
Melanocyte stimulating activity, see Skin 
pigmentation 
Menstrual cycle, see Reproductive systems 
Mepyrapone, see SU 4885 
Mesocricetus auratus, see Hamster 
Metabolic effects of adrenal insufficiency 
108, 123, 131 
— — — adrenocortical steroids 3, 4; see 
also Carbohydrate metabolism, 
Intermediary metabolism, 
Protein catabolism 
Metastases to adrenals 28, 45, 51, 54 
2«-Methyl cortisol 4 
2«-Methyl derivatives 4 
6 «-Methyl derivatives 4 
2«-Methyl, 9 «-fluorocortisol 4, 53, 82 
6 «-Methyl, 9 «-fluoroprednisolone 4 
6 «-Methylprednisolone 4 
Metopirone (Ciba) see SU 4885 
Mineralocorticoids 4, 5, 11, 18, 20, 53, 58, 61, 
82, 98, 101, 139—141;seealso Aldosterone, 
Deoxycorticosterone, 9 «-Halogenated 
steroids 
““Missing”’ sodium 83 
Monilia, moniliasis 52, 131 
Monkey, rhesus (Macaca mulatta) 58, 66, 111, 
114 


Mouse, laboratory (Mus musculus) 42, 62, 

63, 67, 95, 96, 111, 112, 114, 120, 121, 

123, 128, 130 

Muscle tissue 5, 9, 42, 44, 48, 102, 105, 106, 

114, 116, 123; see also Glycogen storage 

Muscular exercise 10, 11, 97, 98, 104—106; 
see also Stress, Work tests 

— weakness 8, 28, 34, 45, 96—106 

Mustela, see Ferret 

Myocardium 48, 87, 88, 90, 91; see also 

Cardiovascular system 


Necrosis of adrenal, see Adrenocortical tissue 

Negroes 127, 131 

Nephrectomized animals 6, 82, 101 

Nervous system, autonomic 11, 85, 90 

— —, central 3, 4, 12, 14, 16, 91, 106—113, 

130, 131, 141 

— —, peripheral 106, 107 

— —, sympathetic 15, 29, 30, 105, 106 

Neurohumors 2, 14, 15, 91, 103, 109, 110 

Neurological disorders 131; see also Behavior, 
Convulsions, Psychosis 

Nitrogen balance 7, 11, 12 


Subject Index 


Nitrogen excretion, see Urinary nitrogen 

Non-protein nitrogen, see Blood NPN 

Norepinephrine (Noradrenaline) 14, 87, 
91—93, 105 


Obesity 8 

Oligemia, see Hemoconcentration 
Opossum (Didelphis virginiana) 3, 42, 65 
Oryctolagus cuniculus, see Rabbit 
Osmoregulation, see Fluid compartments 
Osteoporosis 10; see also Skeletal system 
Ovary, see Reproductive systems 
Overdosage, see Glucocorticoids 

Ovis aries, see Sheep 

Ox (Bos taurus) 32, 58, 63 

Oxygen consumption 123, 124 

— poisoning 130 


Pancreas 7; see also Insulin 
Pancreatectomy 5—7, 9, 33, 41—43 
Pantothenic-acid deficiency 60—62, 129 
Parasympathomimetic activities 115 
Parathyroids 52, 71 
Pars distalis, see Anterior Pituitary 
Peripheral circulation 10—12, 87, 90—92, 
110; see also Circulatory collapse 
— nervous system, see Nervous system 
‘*Permissive action’ of Adrenocortical steroids 
7, 9—11 
pH, see Acid-base balance 
Phlorhizin 5, 6, 41, 44 
Phosphorylation of sugars 5, 117 
Pig (Sus scrofa) 92 
Pigmentation, see Skin 
Pitressin, see Antidiuretic hormone 
Pituitary, see Anterior pituitary, 
diuretic hormone 
Pituitary-adrenal relationship 33, 34, 52, 55, 
56, 138; see also ACTH, Hypophysec- 
tomy, Hypopituitarism 
— necrosis 56, 57, 145 
Placenta 120 
Plasma, see also Blood 
— proteins 94 
— volume, see Fluid compartments, Hemo- 
concentration, Hypovolemia 
Platelets 19, 20, 96; see also Blood clotting 
Potassium 98, 101, 102, 109, 117, 131, 143; 
see also Electrolytes 
— depletion 48, 143 
— excretion 1], 12, 44 
— retention 75, 101, 133, 134 
— sensitivity (potassium tolerance test) 47, 
101, 133 
Potencies of adrenocortical hormones, 
relative 4, 140 
Precautions, in diagnostic tests 132—134, 137 
Prednisolone (116,17 «,21-Trihydroxy-A'4- 
pi gouedtionc'3 2 Ga A-Cortisol) 4 
14 
Prednisone (17 «,21-Dihydroxy-A4-pregna- 
diene-3,11,20-trione; A1-Cortisone) 4, 142 
Primary adrenal insufficiency, see Adreno- 
cortical insufficiency 


Anti- 


> 


Subject Index 


Progesterone 
44, 68 

Pregnancy 119, 120, 144 

Protein catabolism 6—8, 10, 19, 108 

— formation, or anabolism 7 

— mobilization 5, 6, 42 

Proteinuria 81 

Pseudohermaphroditism 54, 131 

Pseudotubular degeneration of adrenal 
cortex 49, 145 

Psychosis 13, 15, 106, 112 

Pyridoxine deficiency 63 


(A4-Pregnene-3,20-dione) 43, 


Rabbit, laboratory (Oryctolagus cuniculus) 
9, 29, 30, 32, 34, 37, 40, 41, 58, 116—118, 
122, 123 

Rana spp., see Frogs 

Rat, laboratory (Rattus norwegicus) 4, 7, 

29—31, 33, 36, 40—44, 48, 61, 62, 65, 
67—72, 74, 76, 78, 80—84, 87—89, 
91—95, 97—130, 141, 142 

—, wild strain 66, 112 

Reabsorption, see Renal function 

Red blood cells, see Erythrocytes 

Renal function 36, 39, 44, 70—84, 113; see 
also Kidney 

Replacement therapy for adrenocortical 
insufficiency 33, 43—45, 48, 49, 139—146 

Reproductive systems, effects on adrenals 
67 

— —,response to adrenocortical 

ciency 118, 119 

Reptiles, see Lizard 

Resistance to stress 48 

Respiratory quotient 43 

Reticuloendothelial system 
126 

Rhesus monkey, see Monkey 

Riboflavin deficiency 62 

Robinson-Kepler-Power test 132 

Rodents, see Guinea pig, Hamster, Mouse, 
Rat 

Ruminants, see Goat, Ox, Sheep 


insuffi- 


(Macrophages) 


Saline, see Sodium chloride 

Salivary electrolytes 133 

Salt ‘‘craving”’ 30, 47, 113, 114, 131 

Schizophrenia 16; see also Psychosis 

Scurvy, see Ascorbic acid 

Secretion, see Adrenocortical steroids, tissue, 
Gastrointestinal system, Renal function 

Secondary adrenal insufficiency, see Adreno- 
cortical insufficiency 

Sex differences 67, 69, 71, 81, 129 

Sharks, see Elasmobranchs 

Sheep (Ovis aries) 32 

Shock 10, 11, 35, 46, 51, 88—93, 104, 105, 
134, 145; see also Circulatory collapse 

“‘Side-reactions” to adrenocortical hormones 
18; see also Glucocorticoids 

Simmonds’ disease 34, 56; see also Adreno- 
cortical insufficiency, secondary 

Skeletal system 68—70 

Skin 6 

— pigmentation 28, 30, 45, 127, 131 


213 


Sloths, see Edentata 

Smooth muscle, see Muscle tissue 

Sodium, see also Electrolytes 

— chloride administration or maintenance 
38—5, 13, 20, 27, 31, 37, 42, 43, 46, 47, 
58, 69. 87, 94, 101, 111, 112, 115, 118, 


120, 121, 124, 126, 131, 139, 141, 
143—145 

— depletion 72, 73, 80, 101, 114, 131—133, 
14] 

— load 4, 75 


— restriction 45, 47, 61, 83, 132—134, 136 
— retention 3, 4, 12, 44, 48, 101, 140 
Somatotrophin (Growth hormone) 7, 69 
Species differences 65, 66, 114, 123 

Spleen 6, 126 

Stimuli, see Stress 

Stomach, see Gastrointestinal system 

SU 4885 (Mepyrapone; Metopirone* Ciba) 
53, 59, 138 

Sugar, see Glucose 

Sulfate, see Blood 

Suprarenals, see Adrenals, Adrenocortical 
tissue, etc. 

Survival time after adrenalectomy 64, 65, 67; 
see also Time course of adrenal insuffi- 
ciency 

Sus scrofa, see Pig 

Sweat 133 

Swine, see Pig 

Stress, see also Diagnosis, Work tests 

—, decreased susceptibility to, 130 

—, psychological 2, 3 

—, somatic 2, 3, 7, 10, 12, 14, 48, 61, 64, 67, 

96, 97, 129, 1483—145 

Sympathetic nervous system, see Nervous 

system 

— neurohumors 2, 14, 15 

Synthetic corticoids, see Analogues 


Tadpoles, see Frogs 

Teeth 70, 127 

Temperature, ambient 66, 67 

Testis, see Reproductive systems 

Testosterone, see Androgens 

Tetrahydrocortisol, see Urocortisol 

Tetrahydrocortisone, see Urocortisone 

Tetrahydro-11-deoxycortisol (3 «,17 «,21- 
Trihydroxypregnan-20-one) 138 

Therapy of adrenocortical insufficiency, see 
Adrenocortical insufficiency, treatment 

Thrombosis of adrenal gland 50 

Thymus 6, 44, 62, 126; see also Lymphatic 
tissues 

Thyroid gland and hormones 52, 68, 122, 
126, 143 

Time course of adrenal insufficiency 64—67, 
75, 76, 89, 92—94, 102, 113, 116, 124, 126 

Tm, see Renal function, Transport processes 

Toads (Bufo spp.) 41 

Transplants, adrenal, see Adrenal transplants 

Transport processes 79—84 

Trauma, see Stress 

Treatment of adrenocortical insufficiency, 
see Adrenocortical insufficiency 
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Tuberculous adrenal 28, 30, 34, 45, 51, 52; 
see also Adrenocortical insufficiency, 
etiology, Infections 

Tumors, see Adrenocortical tumors, Cush- 
ing’s disease, Metastases to adrenals, 
Virilizing adrenacortical hyperplasia 


Ulcer, peptic 18, 34, 52, 114 
Underfeeding 128; see also Fasting 
Urea, see also Blood urea nitrogen 
— cycle 6 
—, urinary 7 
Uremia, see Blood non-protein nitrogen, 
Blood urea nitrogen 
Urinary electrolytes, see Electrolyte excre- 
tion, Sodium depletion 
— nitrogen 5—7, 42, 124 
— steroid levels 45, 135—138; see also 
Androgens, Corticosteroids, Estrogens, 
Glucocorticoids, 17-Ketosteroids 
Urocortisol (3 «118,17 «,21-Tetrahydroxy- 
pregnan-20-one) 138 
Urocortisone (3 «,17 «,21-Trihydroxy-preg- 
nane-11,20-dione) 138 
Uterus, see Reproductive systems 
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Vascular collapse, see Circulatory collapse 

— insufficiency of adrenal gland 55 

— system, see Cardiovascular system 

Vasoconstriction 13, 14, 90—92 

Vasomotor function 90 

Vasopressin, see Antidiuretic hormone 

Virilizing adrenocortical hyperplasia 54, 57, 
131 


Vitamin deficiencies 59—63 
Vitiligo 28, 127 


Wallaby (Macropus sp.) 58 

Water, see also Fluid compartments 

— balance 3, 42, 43, 45, 76—79, 132 
Water excretion 2, 20, 38, 45, 78, 79, 132 
— intoxication 131, 132, 134 

— loading 20, 45, 61—63, 78, 79, 132, 141 
Waterhouse-Friderichsen syndrome 45, 49 
Weakness, see Muscular weakness 
Weight, body 68; see also Edema, Growth 
White blood cells, see Leukocytes 

Work capacity 11, 101 

— tests 97, 98, 100, 101, 104—106 
Woodchuck, see Marmot 
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fortgefiihrt von W. Heubner 


Erganzungswerk 
Herausgegeben von O. EIcHier, 
Heidelberg, und A. Faran, New York 


XY. Band 


Cholinestetases 
and Anticholinesterase Agents 
Sub-Editor GEorGE B. KoELLE 
In English. With 176 figures 
VIII, 1220 pages 8vo. 1963 
Cloth DM 298,— 


Contents 


Components of cholinergic systems: 
acetylcholine (ACh), choline acetylase 
(ChAc), and acetylcholinesterase (AChE). 
— Chemical classification and biochemi- 
cal reactions of the anticholinesterase 
(Anti-ChE) agents. — Systematic phar- 
macology of the  anticholinesterase 
(Anti-ChE) agents. — Toxicology and 
therapeutic applications of the anti- 
cholinesterase (Anti-ChE) agents. — 
Author index. — Subject index. 


Aus den Besprechungen 


Es sind hier vor allem physiologische und 
pharmakologische Daten zusammen- 
getragen bei Tier und Mensch, die 
therapeutischen Moglichkeiten der Anti- 
cholinesterasestoffe, ihre Toxizitat, und 
auch fur den Kliniker ist ein wert- 
voller Beitrag tuber die Verwendung 
dieser Gruppe bei der Behandlung der 
Myasthenie und der verschiedenen oph- 
thalmologischen Affektionen vorhanden. 
Druck und Abbildungen lassen, wie 
man es vom Verlag Springer gewohnt ist, 
nichts zu wiinschen wubrig. Der Er- 
ganzungsband 15 teiht sich in wiirdiger 
Weise an die Vorganger an und wird wie 
diese die Bibliotheken der pharmakolo- 
gischen und physiologischen Institute 
und in dem Fall auch der Kliniken be- 
reichern. Therapeutische Umschau 
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